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1.  Introduction 


Advanced  prostate  cancer  is  notorious  for  developing  resistance  to  therapies.  One  of 
the  underpinnings  for  the  resistance  mechanism  is  that  cancer  cells  rely  on  multiple  intracellular 
signaling  pathways  for  growth  and  survival.  When  one  of  these  pathways  is  shut  down 
therapeutically,  cancer  cells  adapt  by  shifting  to  alternative  pathways,  rendering  the  treatment 
ineffective.  Therefore,  it  is  of  utmost  importance  to  target  multiple  pathways  to  combat  the 
development  of  resistance  in  our  pursuit  of  more  effective  treatments.  Preliminary  studies 
conducted  in  our  lab  have  shown  that  a  berberine  (BBR),  a  plant-derived  isoquinoline  alkaloid, 
suppresses  both  androgen  receptor  (AR)  and  AKT  signaling  pathways  in  prostate  cancer  cells. 
Supported  by  this  grant,  we  set  out  to  understand  the  mechanisms  of  BBR-induced 
downregulation  of  different  AR  isoforms  (Task  1)  and  to  evaluate  the  efficiency  of  BBR  in 
various  disease  settings  in  animal  models  of  prostate  cancer  (Tasks  2&3). 

2.  Body 

2.1  Task  1.  To  investigate  the  mechanisms  of  berberine-induced  downregulation  of  full- 
length  and  splice  variants  of  AR. 

2.1.1  Berberine  inhibits  the  transcription  of  the  AR  gene.  We  have  previous  concluded  that 
BBR  does  not  affect  the  mRNA  level  of  full-length  AR  (1).  The  conclusion  was  drawn  when  p- 
actin  was  used  as  the  housekeeping  gene.  However,  we  have  since  found  that  p-actin  is  ill- 
suited  for  this  purpose  since  its  transcript  level  was  affected  by  BBR  (data  not  shown).  We 
decided  to  re-examine  and  compare  the  effects  of  BBR  on  the  transcript  levels  of  full-length  AR 
(AR-FL)  and  AR-V7.  We  chose  ribosome  protein  L30  (RPL30),  which  has  been  identified  as  one 
of  the  most  stably  expressed  gene  (2),  to  normalize  the  gene  expression  data  in  this  analysis. 
22Rv1  cells  were  treated  with  100  pM  BBR  and  for  up  to  24  h  and  transcript  levels  of  AR-FL  and 
AR-V7  were  analyzed  by  qRT-PCR.  As  shown  in  Fig.  1,  both  AR  and  AR-V7  mRNAs  were 

reduced  by  BBR, 
starting  at  the  4  h  time 
point.  The  suppression 
became  more  significant 
as  a  function  of  time. 
Interestingly,  the  change 
of  AR-V7  mRNA 
paralleled  that  of  AR  in 
this  experiment.  This 
observation  is  supported 
by  a  recent  publication 
by  Liu  et  al,  showing  that 
AR-V7  transcript  levels 
were  highly  correlated  with  those  of  AR-FL  (3).  The  authors  concluded  that  the  splicing  of  AR- 
V7  RNA  is  coupled  to  the  transcription  rate  of  the  AR  gene.  Based  on  these  results,  we 
conclude  that  BBR  inhibits  AR  transcription  and  thereby  decreases  AR-FL  and  AR-V7  to  similar 
magnitudes. 
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Fig.  1.  BBR  decreases  mRNA  levels  of  AR-FL  (A)  and  AR-V7/AR3  (B). 

22Rv1  cells  were  cultured  in  RPMI  1640  supplemented  with  10%  FBS  and 
treated  with  100  pM  BBR  for  various  durations.  The  transcripts  were 
measured  by  qRT-PCR,  with  RPL30  as  the  housekeeping  gene.  The 
results  were  averaged  from  three  independent  experiments,  and 
presented  as  mean  ±  standard  deviation  (SD).  *,  P< 0.05;  **,  P<0.01 . 
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2.1.2  BBR  does  not  induce  the  degradation  of  AR  splice  variants.  We  have  previously 

shown  that  BBR  decreases  the  half- 
life  of  AR-FL  (1).  To  determine  if 
BBR  exerts  a  similar  effect  on  the 
splice  variants,  22Rv1  cells  were 
pretreated  with  cycloheximide  to  stop 
protein  synthesis  and  then  treated 
with  BBR.  Cells  were  lysed  at 
different  intervals  for  Western  blotting 
analysis,  using  antibodies  recognize 
all  isoforms  (AR  and  AAR)  or  AR-V7 
only.  Normalized  AR  protein  levels 
were  analyzed  by  linear  regression  to 
determine  the  half-life.  The  results 
are  shown  in  Fig.  2.  The  half-life  of 
AR-FL  was  estimated  to  be  ~18  hr, 
and  it  was  decreased  by  BBR 
treatment  (Fig.  2  B&E).  This  is 
consistent  with  our  previous  data 
from  LNCaP  cells.  However,  the 
splice  variants  (AAR)  were  much  less 
stable  than  AR,  with  a  much  shorter 
half-life  than  that  of  AR-FL  (Fig.  2 
C&E).  Surprisingly,  BBR  treatment 
had  little  effect  on  the  degradation  of 
the  splice  variants.  These  results  were  confirmed  by  using  an  antibody  specific  for  AR-V7  (Fig. 
2  D  &E).  Similar  results  were  obtained  from  LNCaP95  cells  (data  not  shown). 
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Fig.  2.  Berberine  does  not  induce  the  degradation  of  AR 
splice  variants.  22Rv1  cells  were  treated  with  50  |jg/mL 
cycloheximide  (CHX)  for  30  minutes  and  then  with  100  |jM  BBR. 
A,  Western  analysis  of  cell  lysates  obtained  at  different  intervals. 
B-D,  normalized  AR  protein  levels  were  analyzed  by  linear 
regression.  E,  half-life  (hr)  of  AR  proteins  calculated  from  B-D. 


2.1.3  BBR  induces  AR  ploy-ubiquitinatin.  To  determine  the  effect  of  BBR  on  AR  poly- 
ubiquitination,  we  performed  an  in  vivo  ubiquitination  assay.  As  shown  in  Fig.  3,  BBR  markedly 
increased  the  intensity  of  ubiquitinated-AR  in  the  presence  of  the  proteasome  inhibitor  MG-132. 


Ub  -  +  +  +  + 

BBR  +  + 

MG132  +  -  + 


Fig  3.  BBR  induces  AR  poly-ubiquitination.  LNCaP 
cells  were  transfected  with  plasmids  encoding  AR  and 
his-tagged  ubiquitin.  Forty-eight  hours  after 
transfection,  cells  were  treated  with  100  pM  BBR  for 
8h,  then  with  10  pM  MG132  for  4  h.  Following  His-tag 
pulldown  using  Ni-NTA  magnetic  agarose  beads, 
ubiquitinated  proteins  were  detected  by  Western  blot 
using  an  anti-AR  antibody. 
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Fig.  4.  Breeding  scheme  to  generate  Pten 
knockout  and  wild-type  mice.  Genotyping  was 
done  by  PCR  using  Cre-  and  Pten-specific  primers. 
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This  result  suggested  that  BBR-induced  AR  degradation  is  mediated  through  the  ubiquitin- 
proteasome  pathway. 


2.2  Task  2.  To  evaluate  the  in  vivo  efficacy  of  berberine  against  prostate  cancer 
growth  in  Pten  knockout  mice. 

2.2.1  BBR  inhibits  prostate  cancer 
growth  in  Pten  knockout  mice. 

Conditional  Pten-KO  mice  were 
generated  in-house  by  crossing 
PTENloxP/loxP  mice  with  PB-Cre4  mice, 
wherein  the  Cre  recombinase  is  under 
the  control  of  a  modified  prostate- 
specific  probasin  promoter  (see 
Breeding  scheme,  Fig.  4).  Genotyping 
was  performed  by  PCR  using  primers 
specific  for  Pten  and  Cre.  Male  F2 
mice  (Pten-/-  and  Pten+/+)  were 
randomly  assigned  to  control  or  BBR 
treatment  group  (n=6)  at  the  age  of  12 
weeks  and  received  vehicle  (DMSO) 
or  5  mg/kg/day  of  BBR,  respectively, 
through  i.p.  injection.  The  treatment 
continued  for  9  weeks  and  body  weight 
of  the  mice  was  measured  weekly.  At 
the  end  of  experiment,  animals  were 
sacrificed  by  CO2  inhalation.  The  genitourinary  bloc  (GU  bloc),  consisting  of  the  prostate  lobes, 
seminal  vesicles,  ampullary  glands,  bladder,  proximal  ductus  deferens,  and  proximal  urethra 
was  excised  en  bloc.  The  weight  of  the  GU  bloc  is  proportional  to  the  prostate  weight,  thus  it  is 
widely  used  to  represent  prostate  tumor  burden  (4-6).  As  shown  in  Fig.  5,  Pten  knockout  mice 
have  a  markedly  higher  GU  bloc  weight  than  the  wild-type  mice,  suggesting  the  presence  of 
prostate  tumors.  In  Pten  knockout  mice,  treatment  with  BBR  significantly  reduced  the  weight  of 
GU  blocs  (P<0.001).  In  contrast,  there  is  no  difference  between  treatment  and  control  groups  in 
wild-type  mice.  These  results  show  that  BBR  inhibits  prostate  cancer  growth  without  affecting 
the  normal  prostate.  This  result  is  consistent  with  our  observation  from  the  xenograft  study, 
suggesting  that  the  inhibitory  action  of  BBR  may  be  specific  to  the  malignant  tissue  (1 ). 

2.2.2  BBR  inhibits  the  expression  of  AR  and  AKT  in  vivo.  Prostatic  tissues  obtained  from 
aforementioned  animal  experiment  were  analyzed  by  immunohistochemistry  (IHC)  staining  for 
the  expression  of  AR,  total  and  phosphorylated  AKT  (serine  308  and  473),  as  previously 
described  (1).  The  staining  intensity  was  scored  as  high,  medium,  and  low,  and  cells  in  each 
category  were  counted.  While  having  no  effect  on  the  distribution  of  cells  in  wild-type  mice  (Fig. 
6A),  BBR  treatment  significantly  lowered  the  cell  population  with  high  AR  staining,  and 


0  Wild-type/DMSO  Wild-type/BBR  Pten-null/DMSO  Pten-null/BBR 


B. 


Wild-type  Pten-null 

Fig.  5.  Berberine  treatment  decreased  prostate  cancer 
growth  in  Pten  knockout  mice.  A.  The  weight  of  the  GU- 

bloc  is  normalized  by  body  weight  and  presented  as 
mean±standard  deviation,  n=6.  B.  Representative  photos 
of  the  GU  bloc  in  each  group. 


DMSO  BBR  DMSO  _BBR 

. . ..  ..‘3  3 . a . 


3 


Q)  10.0 

O 


High  Medium  Low 


High  Medium  Low 


High  Medium  Low 


High  Medium  Low 


Fig.  6.  IHC  staining  for  AR  and  AKT  expression  in  prostatic  tissues.  A-D,  tissues  from  Pten  wild-type  mice.  E-H,  tissues 
from  Pten  knockout  mice.  Image  analysis  was  performed  by  the  NIH  Image  J  software.  The  staining  intensity  in  each  cell  was 
scored  as  high,  medium,  and  low.  The  results  were  presented  as  percentage  of  cells  in  each  category.  *,  P<0.05;  **,  P<0.01 . 


increased  those  with  medium  or  low  staining  for  AR  in  PTEN-null  mice  (Fig.  6E).  Similar 
observations  were  made  for  total  AKT  (Fig.  6,  B  vs  F),  pAKT308  (Fig.  6,  C  vs  G),  and  pAKT  (Fig. 
6,  D  vs  H).  In  summary,  the  IHC  data  showed  BBR  suppresses  both  the  AR  and  the  AKT 
pathways  simultaneously.  The  selectivity  of  BBR  in  AR  and  AKT  inhibition  in  cancerous  tissues 
is  consistent  with  the  tumor  growth  data. 


2.2.3.  Mono-targeting  of  AKT  is  ineffective  to  block  prostate  cancer  development  in  Pten- 
null  mice.  To  evaluate  the  benefit  of  dual-targeting  of  AR  and  AKT  by  BBR,  we  tested  the 
efficacy  of  BEZ235,  a  PI3K  and 
mTORC1/2  dual  inhibitor  which 
inhibits  AKT  phosphorylation  by 
PDK1  and  mTORC2  (7),  in  the 
Pten-null  model.  The  experimental 
design  is  similar  to  that  described 
above.  Vehicle  (10%  1-methyl-2- 
pyrrolidone/  90%  PEG  400)  or 
BEZ235  (45  mg/kg)  was  given 
daily  to  mice  through  oral  gavage 
and  continued  for  9  weeks.  As 
shown  in  Fig.  7,  little  or  no 
difference  in  GU  bloc  weight  was 
found  between  the  control  and 
BEZ235  groups.  The  ineffectiveness  of  BEZ235  is  not  due  to  a  loss  of  potency  of  the 
compound,  as  IHC  staining  clearly  demonstrated  that  BEZ235  reduced  AKT  phosphorylation  in 
prostatic  tissues  (Fig.  8,  B&E).  Instead,  we  postulated  that  inhibition  of  AKT  by  BEZ235 
treatment  led  to  induction  of  AR  expression,  based  on  the  reciprocal  inhibition  between  AR  and 
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Fig.  7.  BEZ235  is  ineffective  in  blocking  prostate  cancer 
development  in  Pten  KO  mice.  A,  The  weight  of  the  GU-bloc  is 
normalized  by  body  weight  and  presented  as  mean  ±  standard 
deviation,  n=6.  B,  Representative  photos  of  the  GU  bloc  in  each 
group. 
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AKT.  Indeed,  IHC  analysis  showed  an  increase  of  AR  staining  in  these  tissues  (Fig.  8  C&F). 
These  results  suggest  that  suppression  of  the  AKT  pathway  by  BEZ235  is  negated  by  a 
compensatory  AR  induction  in  prostatic  cells.  By  comparing  the  efficacies  of  BBR  and  BEZ235, 
we  conclude  that  it  is  necessary  to  inhibit  both  AR  and  AKT  pathways,  at  least  in  this  Pten-null 
model  of  prostate  cancer. 


Fig.  8.  Effects  of  BEZ235  on  AKT  and  AR  in  prostatic  tissues  of  Pten  null  mice.  A-C,  tissue  sections 
were  stained  with  antibodies  for  of  total,  phosphorylated  AKT  (serine  473),  and  AR,  respectively.  D-F, 
quantitation  of  the  IHC  staining  results.  The  intensity  was  scored  as  high,  medium  or  low,  and  the  results 
are  presented  as  percentage  of  cell  population  in  each  category. _ 


2.2.4  BBR  inhibits  castration-resistant  progression  of  Pten-null  prostate  cancer.  Pten-null 
mice  were  castrated  at  12  weeks  of  age  and  randomly  assigned  to  control  and  treatment  groups 
(n=9)  and  received  vehicle  (DMSO)  or  5  mg/kg/day  of  BBR,  respectively,  through  i.p.  injection. 
The  treatment 
continued  for  20 
weeks  and 

animals  were 
sacrificed  at  the 
end  of  32  weeks. 

As  shown  in  Fig.  9, 

BBR  treatment 
significantly 
lowered  the  weight 
of  the  GU  bloc. 

IHC  analysis 
showed  BBR 
reduced  the 

expression  of  AR 
and  AKT  in  these 
tissues  as  well. 
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Fig.  9.  BBR  inhibits  castration-resistant  progression  of  Pten-null  tumors.  A,  representative 
images  of  GU-bloc.  B,  normalized  GU  bloc  weight.  The  results  are  presented  as  mean  ±  S.D.  C& 
D,  quantitation  of  IHC  staining  for  AR  and  pAKT,  respectively.  *,  P<0.05;  **,  P<0.01. 
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These  results  suggest  BBR  is  effective  in  blocking  castration-resistance  progression  following 
androgen  deprivation. 

2.2.5  BBR  has  low 
toxicity  in  mice.  The 

dose  of  BBR  used  in  this 
study  appears  to  be  well 
tolerated:  no  signs  of 
stress  were  observed  in 
mice  in  both  experiments 
(2.2.1  &  2.2.4).  Body 
weight  was  measured  in 
intact  mice  (2.1)  and  no 
difference  was  detected 
between  treatment  and 
control  groups  (Fig.  10 
A&B).  In  addition,  no 
difference  was  found  in 
the  weights  of  various 
organs,  including  liver, 
heart,  lung,  spleen,  kidney,  and  testis  among  different  groups  (Fig.  10C).  These  results  suggest 
BBR  has  a  low  toxicity  profile. 

2.3  Task  3.  To  evaluate  the  in  vivo  efficacy  of  berberine  against  AR-FL-  or  AR-V- 
promoted  CRPC  growth. 


B 


Pten-null 


-CON 


Duration  of  treatment  (days) 


_6 


Spleen  Heart  Lung  Kidney  Testis  Liver 


Fig.  10.  Toxicity  evaluation  of  berberine.  A  and  B,  change  of  body  weight 
during  the  course  of  the  experiment  in  wild-type  and  Pten-null  mice, 
respectively.  Body  weight  is  expressed  as  fold  of  initial  body  weight.  C.  weight 
of  various  organs  normalized  by  body  weight  and  presented  as  mean±  SD. 


B 


Treatment  duration  (weeks) 


Pairwise  T-Test 

P<  0.05 
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Fig.  11.  BBR  inhibits  the  growth  of  ARv567es-expressing  tumors  and  sensitizes  them  to 
enzalutamide.  LuCaP86.2  xenografts  were  established  in  castrated  SCID  mice  and  treated  with 
vehicle,  enzalutamide  (Enza),  BBR,  or  BBR+Enza,  for  10  weeks.  A,  tumor  growth  curves  during 
the  treatment  duration.  Tumor  volumes  are  presented  as  mean  ±  SEM  (n=7).  B,  the  tumor 
growth  data  were  analyzed  by  pairwise  T-test  and  the  results  indicate  the  time  points  at  which  the 
significance  levels  were  reached.  N.R.,  not  reached.  C,  final  tumor  weight.  **,  P<0.01. 


2.3.1  BBR  inhibits  the  growth  LuCaP86.2  tumor  xenografts  and  sensitizes  them  to 
enzalutamide  treatment.  LuCaP86.2  was  chosen  for  this  study  because  it  expresses 
predominantly  a  constitutively  active  AR-V  (ARv567es),  along  with  the  AR-FL  (8).  The  xenografts 
were  maintained  by  serial  passaging  in  castrated  SCID  mice.  The  tumors  were  cut  into  25  mm3 
pieces  and  implanted  subcutaneously  into  castrated  SCID  mice  at  8  weeks  of  age.  When  tumor 
size  reaches  200  mm3,  mice  were  randomized  to  one  of  four  groups  and  receive  vehicle, 
enzalutamide  (MDV3100)  at  10  mg/kg/day,  BBR  at  5  mg/kg/day,  or  the  combination  of 
enzalutamide  and  BBR,  respectively,  through  i.p.  injection.  The  treatments  continued  for  10 
weeks  before  the  animals  were  sacrificed.  As  can  be  seen  in  Fig.  11,  the  antiandrogen 
enzalutamide  did  not  significantly  change  the  growth  of  ARv567es-d riven  LuCaP86.2  tumors 
throughout  this  treatment  period.  This  is  expected  since  ARv567es  lacks  the  ligand-binding 
domain  and  therefore  escapes  the  action  of  the  enzalutamide.  In  contrast,  BBR  treatment 
significantly  reduced  the  growth  of  LuCaP86.2  xenografts.  Interestingly,  the  combination  of 
enzalutamide  and  BBR 
was  more  effective  than 
BBR  alone.  The  tumor 
growth  data  were 

confirmed  by  the  final 
tumor  weights  (Fig.  1 1 C). 

To  further 

understand  the  inhibitory 
effects  on  tumor  growth, 
sections  of  the 
LuCaP86.2  tumors  were 
stained  for  the  cell 
proliferation  marker  Ki-67 
and  the  endothelial 
marker  CD34.  As  can  be 
seen  in  Fig.  2,  BBR 
treatment  reduced  Ki-67 
staining  and  microvessel 
density,  suggesting  the 
growth  inhibitory  effect  is 
mediated  by  inhibition  of 
cell  proliferation  and 
angiogenesis.  Once  again,  the  combination  of  BBR  and  enzalutamide  was  more  effective  than 
either  agent  alone. 

Taken  together,  the  above  data  suggest  BBR  not  only  is  effective  against  tumor  growth 
driven  predominantly  by  a  constitutively  active  AR-V,  but  also  could  boost  the  therapeutic 
efficacy  of  enzalutamide  in  these  tumors. 
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Fig.  12.  BBR  and  BBR+Enza  combination  inhibit  cell  proliferation  and 
angiogenesis  in  LuCaP86.2  tumor  xenografts.  A,  Sections  from  LuCaP86.2 
xenografts  were  stained  for  Ki-67  (cell  proliferation)  and  CD34  (blood  vessel).  B,  the 
proliferation  index  is  the  percentage  of  Ki-67+  cells.  C,  Microvessel  density  was 
obtained  by  counting  the  number  of  stained  blood  vessels.  **,  P<0.01. 
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2.4  Additional  tasks  (not  included  in  original  SOW) 


2.4.1  BBR  induces  proteasome-dependent  AKT  degradation.  To  understand  the 


mechanism  of  AKT  downregulation,  LNCaP  cells  were  treated  with  cycloheximide  and  then  with 


100  pM  BBR,  the  modulation  of  AKT  mRNA  was  assessed  by  qRT-PCR.  The  results  show  that 


BBR  decreased  the  AKT 
transcript,  but  the  decrease 
was  small  and  not  evident 
until  the  50  pM  dose  was 
used  (Fig.  13A).  On  the 
other  hand,  the  half-life  of 
AKT  was  reduced  from  37.3  h 
to  24.6  h  (Fig.  13B).  These 

results  suggest  BBR 

downregulates  AKT  mainly 
through  inducing  protein 
degradation.  To  test  the 
involvement  of  the 

proteasome  pathway,  LNCaP 
cells  were  treated  with  100 
pM  BBR  for  8  h.  The 
proteasome  inhibitor  MG132 
was  added  for  the  last  4  hours 
of  treatment.  The  protocol 


C  BBR 
MG132 
AKT 


+8h 


+12h  +12h 

+ 


GAPDH 


AR/GAPDH  1.00  1.08  0.75  0.26  0.58 

Fig.  13.  BBR  induces  proteasome-dependent  AKT  degradation.  A,  LNCaP  cells 
were  treated  with  BBR  at  the  indicated  concentrations  for  24  h.  qRT-PCR  was 
performed  to  determine  the  AKT  mRNA  level  using  a  relative  quantitation  protocol  and 
RPL30  was  used  as  the  housekeeping  gene.  *,  P< 0.05.  B,  LNCaP  cells  were 
pretreated  with  protein  synthesis  inhibitor  cyclohexamide  and  then  with  100  uM  BBR  for 
various  durations.  The  levels  of  AKT  protein  were  expressed  as  %  of  baseline  and 
plotted  to  determine  the  half-life.  C,  effect  of  the  proteasome  inhibitor  MG132  on 
berberine-induced  AKT  degradation.  LNCaP  was  treated  with  100  pM  BBR  for  8  h 
before  MG-132  was  added  for  another  4  h. 


was  designed  as  such  because  co-treatment 
of  MG132  and  BBR  for  more  than  4  h  caused 
significant  cytotoxicity.  As  shown  in  Fig. 
13C,  the  presence  of  MG132  attenuated  AKT 
degradation  (lane  5  vs  lane  4),  suggesting 
that  BBR  induces  AKT  degradation  through  a 
proteasome-dependent  pathway. 

To  corroborate  the  above 
result,  we  conducted  in  vivo  ubiquitination 
assay.  As  shown  in  Fig.  14,  BBR  markedly 
increased  the  intensity  of  polyubiquitinated 
AKT  in  the  presence  of  the  proteasome 
inhibitor  MG-132.  This  result  suggested  that 
BBR-induced  AKT  degradation  is  mediated 
through  the  ubiquitin-proteasome  pathway. 


Ub  +  +  +  + 

BBR  +  + 

MG132  +  -  + 


Fig  14.  BBR  induces  AKT  poly-ubiquitination. 

LNCaP  cells  were  transfected  with  a  plasmid  encoding 
his-tagged  ubiquitin.  Forty-eight  hours  after 
transfection,  cells  were  treated  with  100  pM  BBR  for 
8h,  then  with  10  pM  MG-132  for  4  h.  Following  His-tag 
pulldown  using  Ni-NTA  magnetic  agarose  beads, 
ubiquitinated  proteins  were  detected  by  Western  blot 
using  an  antibody  recognizes  AKT. 
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2.4.2  BBR  blocks  steroidogenesis  by  inhibiting  AKR1C3  activity.  Recent  studies  have 
demonstrated  that  prostate  cancer  cells  acquired  the  ability  of  producing  androgens  from 
cholesterol  or  adrenal  androgens  in  the  absence  of  circulating  androgens.  Intratumoral 
steroidogenesis  enables  prostate  cancer  to  evolve  from  an  endocrine  disease  to  an 
autocrine/paracrine  one.  AKR1C3  (Aldo-Keto  Reductase  Family  1,  Member  C3)  is  a  key 
enzyme  in  steroidogenesis,  catalyzing  the  conversion  of  weak  androgens  androstenedione  and 
5a-androstanedione  to  the  highly  active  testosterone  (T)  and  dihydrotestosterone  (Fig.  15A,  ref. 
9),  We  have  previously  observed  that  BBR  inhibits  the  growth  of  22RV1  cells,  and  the  inhibitory 
effect  was  attenuated  with  the  addition  of  androstenedione  to  the  culture  medium  (Fig.  15B). 
Western  blot  analysis  showed  that  AKR1C3  is  expressed  in  several  prostate  cancer  cell  line, 
and  the  expression  level  was  highest  in  22RV1  (Fig.  15C). 


To  explore  whether  BBR  influenced  androgen  synthesis,  T  production  was  measured  in 
22RV1  conditioned  medium  following  treatment  with  BBR,  finasteride,  and  indomethacin  (INN) 
for  48  h.  Finasteride  is  an  inhibitor  for  5a-reductase;  it  is  expected  to  increase  T  concentration 
due  to  the  blockade  of  T  to  DFIT  and  A4-adione  to  5a-adione  conversions  (Fig.  15A). 


[~|  Control 
^  miiJA 
S  BBR2VW+FW2jiM 
S  WN30jiM*FIN2jiM 


Fig.  16.  Berberine  inhibits  testosterone  production  by  22RV1 

Cells  were  cultured  in  medium  containing  0.1  pM  androstendione 
and  treated  for  48  h.  Testosterone  concentration  in  conditioned 
medium  was  determined  by  chemiluminesence  immunoassay. 
Finasteride  (FIN)  is  used  to  block  the  conversion  of  T  to  DHT. 
Indomethacin  (INN),  an  inhibitor  for  AKR1C3,  was  included  as  a 
positive  control.  *,  #,  and  &:  P<  0.05,  compared  with  the  control. 


A  B 


Fig.  17.  BBR  does  not  inhibit  AKR1C3  expression. 

Following  treatment  with  25  pM  BBR  for  48  h,  the 
expression  of  AKR1C3  in  22RV1  cells  was  measured  by 
RT-PCR  (A)  and  Western  blot  (B). 
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Indomethacin  (INN)  is  an  inhibitor  for  AKR1C3  and  was  included  as  a  positive  control.  As 
shown  in  Fig  16,  treatment  with  BBR  significantly  decreased  testosterone  concentration  in  the 
conditioned  medium.  This  result  suggests  BBR  inhibits  the  expression  and/or  the  activity  of 
AKR1C3. 

To  investigate  the  effect  of  BBR  on  AKR1C3  expression,  RT-PCR  and  Western  blot 
analysis  were  carried  out  in  22RV1  cells  treated  with  25  pM  of  BBR  for  48  h.  The  results 
showed  that  neither  the  mRNA  nor  the  protein  level  was  decreased  by  BBR  treatment  (Fig  17). 

Furthermore,  we 

performed  AKR1C3 
activity  assay  using  A4- 
adione  as  the  substrate 
and  INN  as  a  positive 
control.  As  shown  in  Fig. 
18,  both  BBR  and  INN 
displayed  potent  inhibitory 
effects  on  the  activity  of 
recombinant  human 
AKR1C3.  The  estimated 
IC50  for  BBR  and  INN 
were  4.08  pM  (95%  Cl:  3.47-4.69)  and  7.26  pM  (95%  Cl:  6.82-7.70),  respectively.  The  lower 
IC50  for  BBR  suggests  it  is  a  more  potent  inhibitor  than  INN. 

We  next  performed  molecular  docking  analysis  with  AutoDock  to  better  understanding 

the  molecular  mechanism 
of  BBR  on  AKR1C3.  The 
analysis  revealed  that  BBR 
could  enter  the  steroid 
binding  pocket  of  AKR1C3 
and  form  tt-tt  interactions 
with  residues  Phe306  and 
Phe31 1  (Figure  19  Ic). 
Similarly,  INN  is  capable  of 
interacting  with  the  pocket. 
By  using  the  Discovery 
Studio  (DS)  3.5  Visualizer 
software,  the  free  energy  of 
binding  was  estimated  from 
the  most  stable 
conformation.  The  binding 
energies  of  BBR  and  INN  were  -9.63  and  -9.79  kcal  mol-1,  respectively.  These  results 
provided  an  explanation  of  the  inhibitory  effects  of  BBR  on  AKR1C3  activity. 

In  summary,  these  experiments  have  broadened  our  knowledge  with  regard  to  the 
molecular  mechanisms  of  the  inhibitory  effects  of  BBR  in  prostate  cancer.  The  potent  inhibition 


Fig.  19.  Molecular  docking  analysis  of  BBR  (I)  and  INN  (II)  with  AKR1C3. 

BBR  is  shown  in  yellow  and  INN  in  purple,  (a)  The  optimized  3D  structure  of 
AKR1 C3  with  a  ligand,  (b)  Surface  view  of  a  ligand  in  the  active  center  of 
AKR1C3.  (c)  Ligand  binding  residues  of  AKR1C3.  Hydrogen  bonds  (green  dash 
lines)  and  tt-tt  interactions  (yellow  solid  lines)  formed  between  the  ligand  and  the 
active  center  of  AKR1 C3  were  shown. 
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Fig.  18.  Berberine  inhibits  the  activity  of  AKR1C3.  Recombinant  human  AKR1C3  was 

used  in  an  in  vitro  activity  assay.  The  results  were  plotted  for  BBR  (a)  and  INN  (b). 
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of  AKR1C3  activity  by  BBR  suggests  a  new  dimension  of  drug  development  using  BBR  as  the 
lead  compound. 


3.  Key  Research  Accomplishments 

•  We  have  established  that  BBR  downregulates  full-length  AR  by  inhibiting  AR 
transcription  and  inducing  AR  degradation  via  the  ubiquitin-proteasome  pathway.  In 
contrast,  BBR  downregulates  AR  splice  variants  mainly  through  inhibiting  AR 
transcription,  which  in  turn  affects  alternative  splicing. 

•  BBR  inhibits  AKT  expression  through  inducing  AKT  degradation. 

•  We  have  demonstrated  BBR  inhibits  prostate  cancer  development  and  progression  in 
Pten  knockout  mice,  with  simultaneous  downregulation  of  AR  and  AKT.  In  contrast, 
mono-targeting  AKT  by  BEZ235  failed  to  thwart  cancer  development,  suggest  it  is 
necessary  to  target  both  AR  and  AKT. 

•  By  using  the  LuCaP86.2  xenograft  model,  we  have  demonstrated  that  BBR  is  effective 
against  tumor  growth  driven  by  a  constitutively  active  AR-V,  ARv567es.  In  addition,  BBR 
sensitizes  these  tumors  to  enzalutamide. 

•  In  addition  to  its  inhibition  on  AR,  BBR  also  blocks  testosterone  synthesis  from  weak 
androgens  by  inhibiting  the  enzymatic  activity  of  AKR1C3. 


4.  Reportable  Outcomes 
4.1  Manuscripts 

1)  Alison  Egan,  Yan  Dong,  Haitao  Zhang,  Yanfeng  Qi,  Steven  P.  Balk,  Oliver  Sartor. 

(2013).  Castration-Resistant  Prostate  Cancer:  Adaptive  Responses  in  the  Androgen 
Axis.  Cancer  Treatment  Reviews  40:426-433. 

2)  Haitao  Zhang*,  Yang  Zhan,  Xichun  Liu,  Yanfeng  Qi,  Guanyi  Zhang,  Oliver  Sartor,  Yan 
Dong.  (2013).  Splicing  variants  of  androgen  receptor  in  prostate  cancer.  Am  J  Clin  Exp 
Urol  201 3;  1(1):  18-24. 

3)  Bo  Cao,  Yanfeng  Qi,  Guanyi  Zhang,  Duo  Xu,  Yang  Zhan,  Xavier  Alvarez,  Zhiyong  Guo, 
Xueqi  Fu,  Stephen  R.  Plymate,  Oliver  Sartor,  Haitao  Zhang*,  and  Yan  Dong.  (2014). 
Androgen  receptor  splice  variants  activating  the  full-length  receptor  in  mediating 
resistance  to  androgen-directed  therapy.  Oncotarget  2014.  Mar  30;5(6):  1646-56. 

4)  Guanyi  Zhang,  Xichun  Liu,  Jianzhuo  Li,  Elisa  Ledet,  Xavier  Alvarez,  Yanfeng  Qi,  Xueqi 
Fu,  Oliver  Sartor,  Yan  Dong,  and  Haitao  Zhang*.  Androgen  Receptor  Splice  Variants 
Circumvent  AR  Blockade  by  Microtubule-Targeting  Agents.  Oncotarget  2015  Sep 
15;6(27):23358-71 . 

5)  Duo  Xu,  Yang  Zhan,  Yanfeng  Qi,  Bo  Cao,  Shanshan  Bai,  Wei  Xu,  Sanjiv  Gambhir,  Peng 
Lee,  Oliver  Sartor,  Erik  Flemington,  Haitao  Zhang,  Chang-Deng  Hu,  and  Yan  Dong. 
Androgen  receptor  splice  variants  dimerize  to  transactivate  target  genes.  Cancer 
Research  2015  Sep  1;75(17):3663-71. 
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6)  Tian  Y,  Zhao  L,  Wang  Y,  Zhang  H,  Xu  D,  Zhao  X,  Li  Y,  Li  J.  Berberine  inhibits  androgen 
synthesis  by  interaction  with  aldo-keto  reductase  1C3  in  22Rv1  prostate  cancer  cells. 
Asian  J  Androl.  (2016)  18,  607-612. 

7)  Xichun  Liu,  Jing  Li,  Qiuyang  Zhang,  Bo  Cao,  Yanfeng  Qi,  Zhenggang  Xiong,  Sudesh 
Srivastav,  Zongbing  You,  and  Haitao  Zhang.  Co-targeting  AR  and  AKT  by  berberine  in 
castration-resistant  prostate  cancer.  Manuscript  in  preparation. 


4.2  Funding 

07/01/14-06/30/18  American  Cancer  Society  Research  Scholar  Grant  (125766-RSG-14-016- 
01-CCE) 

Title:  Cotargeting  AR  and  AKT  by  Berberine  in  Castration-resistant 
Prostate  Cancer 

Objective:  This  project  will  establish  the  functional  significance  of  the 
simultaneous  downregulation  of  AR  and  Akt  by  berberine  and  to  further 
understand  the  underlying  mechanisms. 

Role:  Principal  Investigator 

07/01/14-06/30/17  DOD  Prostate  Cancer  Research  Program  Idea  Development  Award 

(W81XWH-1 4-1 -0480,  log#PC1 30570) 

Title:  Androgen  receptor  splice  variants  and  resistance  to  taxane 
chemotherapy 

Objective:  This  project  is  to  establish  the  role  of  AR  splice  variants  in  the 
resistance  to  taxane-based  chemotherapy  and  to  delineate  the  underlying 
mechanism. 

Role:  Principle  Investigator 

5.  Conclusion 

By  using  a  Pten  conditional  knockout  mouse  model  of  prostate  cancer,  we  have 
demonstrated  that  berberine  is  effective  in  blocking  the  development  and  castration-resistant 
progression  of  prostate  cancer.  These  effects  of  berberine  seem  to  be  confined  to  the 
cancerous  tissues,  as  normal  prostates  and  other  tissues  are  not  affected.  These  results 
support  the  use  of  berberine  as  a  chemoprevention  agent  targeting  the  development  and 
progression  of  prostate  cancer.  Additionally,  we  have  demonstrated  that  berberine  inhibits  the 
growth  of  castration-resistant  xenografts  driven  by  a  constitutively  active  AR  splice  variant,  and 
that  berberine  sensitizes  AR-V-expressing  tumors  to  enzalutamide  treatment.  These  results 
suggest  berberine  is  effective  in  the  treatment  of  advanced  prostate  cancer,  particularly  in 
overcoming  therapeutic  resistance  mediated  by  AR-Vs.  Finally,  we  have  shown  berberine 
interferes  with  testosterone  synthesis  by  inhibiting  AKR1C3  activity,  pointing  to  a  new  direction 
of  pharmacological  development  using  berberine  as  the  lead  compound. 
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The  androgen  signaling  axis  in  prostate  cancer  is  associated  with  multiple  adaptive  mechanisms  in 
response  to  castration.  Herein  we  review  these  adaptations  with  an  emphasis  on  recent  molecular 
insights  into  the  growth  and  development  of  castration  resistant  prostate  cancer  (CRPC).  Alterations 
include  both  conventional  and  novel  intracrine  androgen  synthesis  pathways  and  androgen  transport 
as  well  as  androgen  receptor  (AR)  overexpression,  mutation,  and  splice  variation.  Each  of  these  underly¬ 
ing  mechanisms  are  potentially  linked  to  post-castration  growth,  especially  after  treatment  with  newer 
hormonal  agents  such  as  abiraterone  and  enzalutamide.  Post-translational  AR  modifications  are  well  doc¬ 
umented  and  these  can  affect  receptor  activity,  stability,  localization,  and  interaction  with  other  proteins. 
Changes  in  recruitment  of  androgen  receptor  associated  co-activators/repressors  and  a  distinct  AR- 
induced  transcriptional  program  can  dramatically  alter  proliferation,  invasion,  and  metastasis  in  a  ligand 
and  context-dependent  manner.  Numerous  previously  uncharacterized  non-coding  RNAs,  some  of  which 
are  androgen  regulated,  may  also  have  important  biological  function  in  this  disease.  Taken  together,  the 
view  of  CRPC  has  changed  dramatically  in  the  last  several  years.  This  has  occurred  not  only  within  the 
setting  of  multiple  treatment  paradigm  changes,  but  also  as  a  multiplicity  of  potential  molecular  mech¬ 
anisms  underlying  this  disease  state  have  been  explored  and  discovered. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


Introduction 

Prostate  cancer  is  by  far  the  most  common  non-skin  cancer  and 
currently  the  second  leading  cause  of  cancer  death  in  men  in  the 
United  States.  Both  normal  and  malignant  prostate  epithelial  cells 
depend  on  androgen  dependent  activation  of  the  androgen  recep¬ 
tor  (AR)  for  prostate-specific  antigen  (PSA)  production  and  sur¬ 
vival.  Androgen  deprivation  therapy  (ADT)  via  surgical  or  medical 
castration  remains  the  standard  form  of  treatment,  and  has  been 
so  for  the  last  70  years  for  clinically  advanced  prostate  cancer 
[1].  Disease  progression  after  initial  ADT,  despite  castration  levels 
of  testosterone,  is  termed  castrate  resistant  prostate  cancer  (CRPC). 
This  may  either  be  metastatic  or  non-metastatic  and  the  natural 
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history  is  distinct.  For  men  with  metastatic  disease,  castration 
resistance  as  measured  by  PSA  rise  develops  approximately 
16  months  after  initial  ADT  [2].  This  is  markedly  distinct  from 
those  with  no  metastases.  For  patients  who  start  ADT  for  PSA  only 
progression,  time  to  castration  resistance  is  in  part  dependent  on 
PSA  doubling  time,  but  has  been  reported  to  be  as  long  as  10  years 
[3]. 

Many  studies  have  found  that  AR  is  present  in  both  initially 
diagnosed  prostate  cancer  cells  and  in  the  vast  majority  of  cells 
in  prostates  from  CRPC  patients  [4].  PSA,  a  known  AR  target  gene, 
will  eventually  rise  in  most  CRPC  patients,  serving  as  a  marker  that 
the  androgen  axis  is  still  functional  despite  low  circulating  levels  of 
serum  androgens.  Multiple  mechanisms  have  been  proposed  for 
the  continued  activation  of  AR  and  the  development  of  CRPC. 
Molecular  studies  dissecting  the  androgen  signaling  pathways  in 
CRPC  are  ongoing  with  multiple  new  insights  in  the  last  several 
years.  This  review  covers  a  broad  review  of  these  potential  mech¬ 
anisms  (see  Table  1). 
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Table  1 

Proposed  mechanisms  for  continued  AR  signaling  in  CRPC. 

Intracrine  synthesis  of  androgens 

Amplification  and/or  overexpression  of  AR 

Overexpression  and/or  polymorphism  of  steroid  transporters 

Mutation  of  the  AR  gene 

Constitutively-active  AR  splice  variants 

Alteration  in  AR  co-regulators 

Crosstalk  between  AR  and  other  signaling  pathways 

Post-translational  modifications  of  AR 

Distinct  AR  mediated  transcriptional  programs 


Androgen  receptor:  overview 

AR  is  a  member  of  the  steroid  receptor  superfamily  that  acts 
predominately  as  a  ligand-dependent  transcription  factor  after 
binding  to  various  DNA  binding  sites.  The  AR  gene  is  located  on 
the  X-chromosome  (Xql2),  made  up  of  8  exons  [5].  AR  consists 
of  an  N-terminal  domain  (NTD)  which  contains  a  transactivation 
domain  (AF1 )  that  serves  as  a  primary  transcription  regulatory  re¬ 
gion  (see  Fig.  1).  The  central  DNA  binding  domain  (DBD)  contains 
two  zinc  fingers  that  connect  to  the  hinge  region  allowing  DNA  rec¬ 
ognition,  dimerization,  and  stabilization.  The  DBD  is  highly  homol¬ 
ogous  with  the  DBD  of  the  human  glucocorticoid  receptor  and  the 
human  progesterone  receptor.  The  hinge  region  contains  a  canon¬ 
ical  nuclear  localization  signal  that  regulates  the  nuclear  import  of 
the  receptor.  The  hinge  region  is  also  a  target  site  for  acetylation, 
ubiquitination,  and  methylation  [6].  The  C-terminal  domain 
(CTD)  contains  the  ligand  binding  domain  (LBD)  and  the  AF2  do¬ 
main,  a  second  transcriptional  regulation  domain.  The  NTD  and 
CTD  both  contain  transactivation  domains  (AF1/AF2),  but  AF1  is 
considered  dominant  in  most  AR  signaling  studies  conducted  un¬ 
der  normal  physiological  conditions.  This  is  particularly  relevant 
in  the  study  of  AR  splice  variants  (vide  infra). 

After  synthesis  of  AR  protein,  a  variety  of  conformational 
changes  are  required  to  generate  a  receptor  with  high-ligand-bind- 
ing  affinity.  This  requires  a  complex  cascade  of  events  initiated  by  a 
“foldosome”  that  includes  complex  interactions  of  a  variety  of 
chaperone  proteins  including  HSP40,  HSP90,  and  HSP23  [7].  Upon 
ligand  binding,  further  conformational  changes  of  AR  occur, 


leading  to  intra-receptor  NTD/CTD  interaction  followed  by  translo¬ 
cation  of  the  ligand-bound  receptor  to  the  nucleus  and  homodi¬ 
merization.  Various  studies  now  distinguish  nuclear  and 
cytoplasmic  AR  in  both  clinical  specimens  and  pharmacological  re¬ 
sponses,  with  the  nuclear  AR  contributing  to  androgen-axis  signal¬ 
ing  via  transcriptional  regulation  [8]. 

In  the  nucleus,  the  ligand-bound  AR  homodimers  recruit  vari¬ 
ous  co-activators  and  co-repressors,  bind  to  androgen-response 
elements  (ARE),  and  lead  to  a  broad  program  of  transcriptional 
activation  in  AR  target  genes  such  as  PSA  and  TMPRSS2.  AR-regu- 
lated  target  genes  can  be  both  up-  or  down-regulated  and  can  vary 
according  to  ligand  concentration.  AR  target  genes  vary  in  cells  de¬ 
rived  from  hormone  sensitive  cancer  as  compared  to  cells  derived 
from  CRPC. 

Intracrine  synthesis  of  androgens 

CRPC  tissue  exhibits  persistent  levels  of  androgens,  despite  ADT, 
albeit  some  androgen  levels  are  lower  compared  to  hormone-naive 
tissue  [9,10].  Studies  have  shown  the  upregulation  of  steroidogenic 
enzymes  in  both  model  CRPC  systems  and  in  tissue  from  CRPC  pa¬ 
tients  suggesting  increased  intratumoral  synthesis  of  androgens 
[11].  In  metastases  of  CRPC  patients,  relative  to  primary  tumors, 
there  is  increased  expression  of  a  number  of  genes  involved  in 
androgen  metabolism  including  HSD3B2  (3  beta-hydroxysteroid 
dehydrogenase),  AKR1C3  (also  known  as  17  hydroxysteroid  dehy¬ 
drogenase  type  5  or  hydroxysteroid  17-beta-dehydrogenase  5), 
AKR1C2  ( 3 a-hydroxy steroid  dehydrogenase),  AKR1C1  (20  alpha- 
hydroxysteroid  dehydrogenase),  SRD5A1  (5-alpha  reductase  type 
1),  and  UGT2B15  (UDP-glucuronosyltransferase  2B15).  Of  note, 
AKR1C3  is  involved  in  the  conversion  of  androstenedione  to  testos¬ 
terone;  SRD5A1/2  converts  testosterone  to  DHT  (see  Fig.  2).  Other 
investigators  have  reported  variations  on  this  theme  [12-14]  but 
taken  together,  from  a  functional  perspective,  these  changes  are 
compatible  with  the  over-arching  hypothesis  that  CRPC  cells  can 
synthesize  potent  androgens  from  various  steroidal  precursors. 

The  conventional  mechanisms  of  androgen  synthesis  are 
emphasized  by  many  but  alternative  mechanisms  of  testosterone 
and  DHT  synthesis  are  also  demonstrated  in  CRPC  (see  Fig.  2). 
Androstenedione  may  be  17-keto  reduced  to  testosterone,  and/or 
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Fig.  1.  Schematic  representation  of  the  structure  of  the  AR  gene,  protein,  and  the  two  zinc  fingers  in  AR  DBD.  H,  hinge  region;  P-box  mediates  DNA  recognition;  D-box 
mediates  AR  DBD-dependent  dimerization. 
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Fig.  2.  Androstenedione  (AD)  can  be  converted  to  testosterone  directly  or  it  can  be 
5-alpha  reduced  to  5-alpha-dione.  DHT  (dihydrotestosterone)  can  then  be  synthe¬ 
sized  directly  (via  17-beta  HSD)  or  indirectly  as  shown  above.  Other  abbreviations 
include  T  (testosterone),  DHT  (dihydrotestosterone),  DHEA  (dehydroepiandroster- 
one),  AD  (androstenedione),  AST  (androsterone),  5a-dione  (5a-androstenedione), 
and  Adiol  (5a-androstane-3a,17(3-diol).  Enzymes  include  3aHSD  or  3[3HSD  or 
17(3HSD  (3a  or  3 13  or  17(3-hydroxysteroid  dehydrogenases,  respectively),  or  SRD5A 
(steroid-5a- reductase).  Figure  from  K.H.  Chang  et  al.  [15]. 


5a  reduced  by  to  5a-dione.  In  cell  lines  derived  from  CRPC  pa¬ 
tients,  the  reduction  of  androstenedione  to  5a-dione  occurs  earlier 
and  more  rapidly  than  the  17-keto  reduction  to  testosterone  sug¬ 
gesting  primary  utilization  of  the  pathway  that  synthesizes  DHT 
from  precursors  other  than  testosterone.  Assays  in  fresh  tumor 
samples  confirm  the  cell  line  findings  [15].  The  SRD5A1  enzyme 
is  dominant  over  the  SRD5A2  enzyme  in  this  process  [11,15].  5a- 
Dione  can  be  converted  into  DHT  via  two  different  mechanisms, 
either  via  the  direct  17-keto  reduction  of  5a-dione  by  AKR1C3,  or 
via  conversion  of  5a-dione  to  androsterone,  and  then  conversion 
of  5a-androstane-3a,17|3-diol  to  DHT.  Interestingly  in  these  exper¬ 
iments  using  CRPC  cells,  the  dominant  form  of  DHT  synthesis  does 
not  appear  to  involve  testosterone  as  precursor.  “Back  door”  syn¬ 
thesis  of  DHT  is  also  possible  via  5a-reduction  of  either  progester¬ 
one  or  17a- hydroxy-progesterone  [15].  These  reductions  are 
followed  by  a  series  of  enzymatic  conversions  similar  to  the  classic 
DHT  steroidogenesis  pathway  except  that  conversion  of  testoster¬ 
one  to  DHT  is  bypassed  [15].  Whether  or  not  the  “back  door”  path¬ 
way  is  critical  for  CRPC  development  is  not  yet  clear. 


Steroid  transporters 

The  efficiency  of  androgen  transport  has  been  shown  to  affect 
both  efficacy  of  ADT  and  transition  rate  to  CRPC.  The  solute  carriers 
(SLCOs)  are  a  complex  family  of  genes  that  are  involved  in  trans¬ 
port  of  organic  molecules  across  cell  membranes.  The  proteins  de¬ 
rived  from  these  genes  are  termed  organic  acid  transporters 
(OATs).  Several  of  these  transporters,  including  those  derived  from 
the  SLC02B1  and  SLC01B3  genes,  have  significantly  increased 
expression  in  metastatic  CRPC  tissues  compared  to  primary  can¬ 
cers  16].  Certain  single  nucleotide  polymorphism  (SNP)  variants 
of  SLC02B1  are  associated  with  shorter  responses  to  ADT  (hence 
more  rapid  CRPC  development).  One  of  these  SLC02B1  risk  SNPs 
is  exonic,  and  two  are  intronic.  There  also  appears  to  be  a  gene- 
gene  interaction  between  the  SLCO  2B1  SNPS  in  terms  of  time  to 
progression  post-ADT.  Increasing  the  number  of  risk  SNPs  to  2  or 
more  is  associated  with  a  shortened  time  to  progression  post- 
ADT  compared  to  those  with  zero  to  one  risk  genotype  [17].  There 
was  an  18  month  survival  difference  if  3  risk  genotypes  were  pres¬ 
ent  compared  to  none/one  and  a  12  month  difference  if  2  risk 
genotypes  were  present  compared  to  none/one  [17].  In  a  separate 
study  of  CRPC  patients,  individuals  with  SLC01B3  334GG/699AA 
haplotype  showed  longer  median  survival  and  improved  survival 
probability  at  10  years  than  patients  carrying  TT/AA  and  TG/GA 
haplotypes  [18]. 


The  SLCO  transporters  are  involved  in  various  steroid  hormonal 
uptakes  in  a  complex  fashion.  SLC02B1  is  found  in  multiple  tissues 
and  is  involved  in  transport  of  compounds  including  atorvastatin, 
DHEAS,  and  estrone-3  sulfate.  One  of  the  variants  of  SCL02B1  asso¬ 
ciated  with  more  rapid  post-ADT  progression  is  also  associated 
with  enhanced  transport  of  dehydroepiandrosterone  sulfate 
(DHEAS),  increased  AR  expression,  and  increased  PSA  expression 
using  an  in  vitro  prostate  cancer  model  [17].  SLC01B3  is  primarily 
found  in  liver  and  cancer  cells  and  transports  testosterone  across 
membranes  in  a  SNP  dependent  manner.  One  of  the  provocative 
aspects  of  the  OATs  is  that  they  are  potentially  “druggable”  targets. 
We  note  that  atorvastatin  strongly  interacts  with  SLC02B1  and 
that  (hypothetically)  this  observation  could  have  therapeutic 
implications. 


AR  overexpression 

CRPC  has  been  shown  to  express  more  AR  than  benign  tissue 
and  hormone  naive  cancers  [4,19].  Increased  AR  expression  may 
sensitize  the  receptor  to  low  levels  of  androgen  [20].  Donovan 
et  al.  demonstrated  that  an  increase  in  nuclear  AR  expression  in  ad¬ 
vanced  disease  in  either  diagnostic  biopsy  or  radical  prostatectomy 
samples  was  associated  with  reduced  time  to  prostate-cancer  spe¬ 
cific  mortality  [21]. 

One  mechanism  for  AR  protein  overexpression  is  via  AR  genetic 
amplification,  which  has  been  reported  in  approximately  30%  of 
CRPC  cases  [22].  An  increase  in  AR  mRNA  levels  without  genomic 
amplification  has  also  been  well  described  [12].  A  number  of  po¬ 
tential  links  between  AR  expression  and  other  signaling  pathways 
are  postulated.  AR  signaling  in  normal  prostate  decreases  AR  gene 
transcription  via  lysine  specific  demethylase  I  recruitment  and 
H3K4mel,2  demethylation  of  a  specific  enhancer  in  intron  2  of 
the  AR  gene  [23,24].  Considerable  data  now  suggest  that  “relief’ 
from  AR  mediated  repression  of  AR  expression  can  increase  AR 
mRNA  in  CRPC  [23,24].  A  link  between  retinoblastoma  protein 
(RBI)  loss  and  AR  expression  may  be  important  as  well.  RBI  loss 
is  frequently  seen  in  transition  to  CRPC  and  is  associated  with  poor 
clinical  outcomes.  By  losing  RBI,  the  transcription  factor  E2F1  is  in¬ 
creased,  driving  AR  overexpression  via  an  increased  transcription 
rate  [25].  Micro-RNAs  such  as  miR-let-7c  may  also  serve  as  impor¬ 
tant  regulator  of  AR  expression.  Down-regulation  of  Let-7c  is  inver¬ 
sely  correlated  with  AR  expression,  whereas  the  expression  of 
Lin28  (a  repressor  of  let-7)  is  positively  correlated  26].  These  types 
of  studies  suggest  potential  new  drug  targets  to  decrease  AR 
expression  in  selected  patients. 


AR  mutations  in  CRPC 

Loss-of-function,  germline  mutations  of  AR  are  frequently  asso¬ 
ciated  with  androgen  insensitivity  syndrome  but  AR  mutations  in 
prostate  cancer  are  almost  exclusively  somatic  and  often  associ¬ 
ated  with  gain-of-function  [27].  In  general,  the  frequency  of  AR 
mutation  is  lower  in  untreated,  hormone-sensitive  prostate  cancer 
than  in  CRPC  [28].  Employing  exome  sequencing,  Grasso  et  al.  [29] 
reported  somatic  AR  mutations  in  5  of  50  cases  of  lethal,  heavily 
pre-treated  CRPC,  but  none  of  1 1  cases  of  untreated,  localized  pros¬ 
tate  cancer. 

The  higher  incidence  of  AR  mutations  in  CRPC  suggests  an  adap¬ 
tive  response  and  a  “Darwinian”  mutant-AR  clonal  selection  in 
some  cases  [30,31].  This  hypothesis  is  further  supported  by  the 
observation  that  AR  mutations  are  more  frequent  in  patients  trea¬ 
ted  with  an  anti-androgen/castration  combination  as  compared  to 
castration  alone  [31].  Mutations  of  the  AR  gene  most  frequently 
localize  to  exons  that  encode  the  LBD  (—49%),  followed  by  the  N- 
terminal  domain  (-40%),  the  DBD  (-7%),  and  the  hinge  domain 
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(2%).  Mutations  are  rarely  found  in  untranslated  regions  [27]. 
Mutations  in  the  LBD  could  potentially  affect  the  ligand  specificity 
of  AR,  allowing  it  to  be  activated  by  non-androgenic  steroids,  or 
anti-androgens,  in  a  promiscuous  manner. 

The  T877A  mutation,  which  has  been  described  by  multiple 
investigators,  expands  AR  ligand  binding  to  estrogen,  progestin,  se¬ 
lected  corticosteroids,  and  selected  anti-androgens  [32].  Another 
mutation  in  the  ligand-binding  pocket,  H874Y,  was  identified  in 
CRPC  patients  treated  with  flutamide.  This  mutation  also  increases 
ligand  promiscuity,  allowing  DHEA,  estradiol,  progesterone,  and 
hydroxyflutamide  to  activate  transcription  in  various  model  sys¬ 
tems  [33].  Mutations  outside  of  the  LBD  could  cause  gain-of-func- 
tion  or  loss-of-function  of  the  receptor  by  influencing  on  nuclear 
localization,  co-regulator  binding,  protein  stability,  and  promoter 
selectivity  [34].  Constitutively  active  mutants  have  been  described 
in  the  regulatory  NTD  (G142V,  M523V,  G524D,  and  M537V)  [35]. 

When  certain  steroid  or  steroid  binding  treatments  are  with¬ 
drawn  (flutamide,  bicalutamide,  nilutamide,  megestrol,  cyproter- 
one  acetate,  prednisone,  or  estramustine),  there  is  potential  for 
improvement  in  PSA  and/or  other  parameters  of  disease  progres¬ 
sion  [36].  Whether  or  not  mutated  AR  is  responsible  for  these  with¬ 
drawal  responses  is  not  clear  but  laboratory-based  experiments 
clearly  uphold  the  feasibility  of  such  a  hypothesis. 

Taken  together,  AR  mutations  in  CRPC  potentially  allow  for  con¬ 
tinued  ligand  dependent  activation  of  AR  by  creating  promiscuous 
ligand  binding,  altered  binding  of  co-regulators,  and/or  alterations 
in  genomic  regulatory  element  binding.  More  studies  are  needed  to 
assess  the  clinical  impact  of  these  mutations  on  disease  progres¬ 
sion.  Better  categorization  of  these  mutants  in  patients  may  pro¬ 
vide  a  greater  degree  of  personalization  of  therapeutic  selection. 

AR  splice  variants 

A  large  number  of  AR  splice  variants  (AR-Vs)  have  been  recently 
identified  and  characterized  in  CRPC  patients  (see  Fig.  3).  These 
variants  have  insertions  of  cryptic  exons  downstream  of  the  se¬ 
quences  encoding  the  DBD  or  deletions  of  the  exons  encoding 
the  AR-LBD,  resulting  in  a  disrupted  AR  open  reading  frame  and 
the  expression  of  truncated  AR-V  proteins  devoid  of  the  functional 


LBD  [37-42].  The  majority  of  the  AR-Vs  identified  to  date  displays 
constitutive  activity.  Two  major  AR-Vs,  AR-V7  (also  named  as  AR3) 
and  ARv567es,  have  been  shown  to  be  capable  of  regulating  target 
gene  expression  in  the  absence  of  the  full-length  AR  (AR-FL)  signal¬ 
ing.  Profiling  of  gene  expression  changes  after  knockdown  or 
ectopic  expression  of  AR-V7  or  ARv567es  suggests  that  AR-Vs 
and  AR-FL  regulate  an  overlapping  yet  distinctive  set  of  target 
genes  [43-45].  These  studies  are  rapidly  evolving  and  significant 
differences  in  the  AR-V  transcriptome  have  been  identified  in  dif¬ 
ferent  studies,  possibly  due  to  the  use  of  different  model  systems. 

AR-Vs  are  prevalently  upregulated  in  CRPC  compared  to  hor¬ 
mone-naive  cancers,  and  can  emerge  as  an  adaptive  response  to 
therapies  targeting  the  androgen  signaling  axis,  especially  new  po¬ 
tent  drugs  such  as  abiraterone  and  enzalutamide  [46,47].  It  is 
important  to  recognize  the  existence  of  discrepancy  between  the 
abundance  of  AR-V  mRNAs  and  that  of  AR-V  proteins  reported  in 
clinical  specimens.  Although  the  levels  of  AR-V  mRNAs  have  been 
reported  to  be  relatively  low,  Western  analyses  of  13  CRPC  bone 
metastases  demonstrate  that  the  levels  of  AR-V  proteins  could  con¬ 
stitute  a  median  of  32%  of  the  AR-FL  protein  level  [39].  In  38%  of 
these  CRPC  bone  metastases,  the  AR-V  proteins  are  expressed  at 
a  level  comparable  to  that  of  the  AR-FL  protein  [39]. 

There  is  now  intriguing  evidence  supporting  the  important  con¬ 
tribution  of  the  constitutively-active  AR-Vs  to  the  development  of 
castration  resistance.  Ectopic  expression  of  AR-V7  or  ARv567es 
confers  castration-resistant  growth  of  LNCaP  xenograft  tumors 
[42],  whereas  specific  knockdown  of  AR-V7  attenuates  the  growth 
of  castration-resistant  22Rvl  xenograft  tumors  in  castrated  host 
[38].  In  addition,  AR-V7  or  ARv567es  expression  level  has  been 
shown  to  be  associated  with  adverse  clinical  outcomes.  Higher 
expression  of  AR-V7  in  hormone-naive  prostate  tumors  predicts 
increased  risk  of  biochemical  recurrence  following  radical  prosta¬ 
tectomy  [38,40].  Patients  with  high  AR-V7  or  detectable  ARv567es 
expression  have  significantly  shorter  cancer-specific  survival  than 
other  CRPC  patients  [39].  Thus,  the  extensive  in  vitro  and  xenograft 
literature  on  AR-V  expression  translates  into  clinically  relevant 
observations. 

In  addition  to  the  role  of  the  constitutively-active  AR-Vs  in  pro¬ 
moting  castration-resistant  progression  after  first-line  ADT,  their 
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Fig.  3.  Schematic  representation  of  the  structure  of  AR-FL  and  AR-V  transcripts  and  proteins.  H,  hinge  region;  U,  untranslated  region;  ZF,  zinc  finger. 
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lack  of  the  functional  LBD  also  predicts  resistance  to  the  new 
androgen-axis-targeting  drugs,  such  as  abiraterone  and  enzaluta- 
mide  [46,47].  Several  natural  or  synthetic  compounds  have  been 
shown  pre-clinically  to  inhibit  AR-V  actions  [48-52].  Targeting 
the  AR-Vs  with  these  novel  agents  is  an  important  concept  in  the 
therapeutic  advances  against  CRPC,  but  all  of  these  agents  will  re¬ 
quire  clinical  trials  for  proof  of  action. 

Alterations  in  AR  co-regulators 

Over  170  potential  co-regulators  of  AR  have  been  identified  that 
bind  to  AR,  stabilize  the  protein,  and  lead  to  either  increased  or  de¬ 
creased  transcriptional  activity  by  altering  ligand  specificity  or 
allowing  transactivation  of  AR  in  low  levels  of  androgen  [53  .  This 
deregulated  co-regulator  expression  affects  AR  activity  and  is 
repeatedly  hypothesized  to  contribute  to  the  development  of  CRPC 
[54,55]. 

Members  of  the  steroid  receptor  co-activator  family  including 
SRC-1,  SRC-2/TIF-2,  and  SRC-3,  have  been  found  to  bind  the  AR 
NTD  and  activate  AR  transactivation  via  histone  acetyltransferase 
activity  as  well  as  by  recruiting  additional  co-activators  including 
CBP/p300.  Members  of  the  SRC  family  are  increased  in  prostate 
cancer;  even  higher  levels  are  seen  in  CRPC  [53,55].  SRC-2  has  been 
frequently  noted  to  be  amplified  as  well  54].  These  higher  levels 
may  lead  to  increased  sensitivity  of  AR  to  weak  agonists  such  as 
androstenedione  and  DHEA  [55].  When  phosphorylated  by  mito¬ 
gen-activated  kinase  (MAPK)  signaling  pathways,  SRC1  can  acti¬ 
vate  AR  in  the  absence  of  androgens  to  the  same  magnitude  as 
potent  androgens  [56].  p300  can  also  acetylate  AR  [57],  and  this 
post-translational  change  can  enhance  co-activator  and  inhibit 
co-repressor  binding  to  AR  58]. 

Co-activators  ARA70  and  ARA55  also  affect  ligand  specificity  of 
the  receptor.  ARA70  overexpression  enhances  AR  activation  in  re¬ 
sponse  to  normal  weak  agonists  or  to  enable  antagonists  to  act 
as  agonists  [59].  ARA55  binds  to  AR  leading  to  an  increase  in  AR 
activity  and  altered  specificity  to  binding  ligands  58].  Some  stud¬ 
ies  have  shown  increased  expression  is  associated  with  shorter 
recurrence-free  survival  and  overall  survival  in  CRPC  patients  [60]. 

Recently,  a  member  of  the  Snail  family  of  transcription  factors 
(Slug  or  SNAI2),  has  been  implicated  as  an  AR  target  gene  that 
can  both  help  upregulate  AR  and  enhance  AR-mediated  signaling 
in  both  wild  type,  and  splice  variant,  expressing  systems  [61  .  Slug 
may  be  particularly  important  given  it  acts  as  a  potential  oncogene 
in  other  cancers  and  can  trigger  epithelial-mesenchymal  transition 
(EMT),  a  frequently  described  attribute  of  advanced  CRPC  [62]. 

Research  on  AR  co-regulators  has  focused  on  both  co-activators 
and  co-repressors  [63].  SMRT  and  NCoR  are  particularly  important 
co-repressors,  and  their  recruitment  may  play  a  role  in  mediating 
the  inhibition  of  androgen-axis  signaling  by  anti-androgens.  Thus 
alteration  in  the  relative  ratios  of  co-repressors/co-activators 
recruitment  may  play  a  role  in  the  development  of  CRPC.  The  scope 
of  this  article  prevents  a  full  discussion  of  this  area. 

Crosstalk  with  growth  factor  and  cytokine  signaling  pathways 
and  post-translational  AR  modifications 

Extracellular  peptides,  including  cytokines  and  growth  factors, 
along  with  their  downstream  intracellular  signaling  cascades,  have 
been  implicated  in  prostate  cancer.  In  CRPC,  the  crosstalk  between 
these  signaling  pathways  and  AR  provides  a  ligand-independent 
mechanism  to  sustain  AR  activation  and  promote  cell  growth 
[6,53,56,64-66]. 

Post-translational  modifications  of  nuclear  receptors  including 
AR  effect  receptor  function,  stability,  localization,  and  interactions 
with  other  proteins.  Phosphorylation,  sumoylation,  acetylation, 


and  ubiquitination  are  potential  reversible  mechanisms  behind 
these  alterations. 

AR  phosphorylations  have  been  described  both  at  serine/threo¬ 
nine  residues  and  various  tyrosine  residues.  MAPK,  AKT,  protein  ki¬ 
nase  A,  protein  kinase  C,  src-family  kinases  and  Ackl  kinases  have 
all  been  implicated.  In  some  cases  these  kinase  pathways  are 
thought  to  be  driven  by  various  cytokines  and  growth  factors. 
Phosphorylation  of  the  AR  can  localize  the  receptor  to  the  nucleus 
and  alter  AR-dependent  transcriptional  activity  [64-66]. 

Acetylation  occurs  at  highly  conserved  lysine  residues  in  AR  due 
to  a  physiologic  stimulus  including  DHT  and  the  recruitment  of 
co-activators  such  as  p300,  which  contain  intrinsic  histone 
acetyltransferase  activity  [6,66,67].  Ligand  induced  AR  function  is 
enhanced  by  this  acetyltransferase  activity,  and  augments  AR 
activity  at  promoter  sites  of  cell  cycle  genes  leading  to  increased 
cell  proliferation.  Mutations  in  the  hinge  region  can  lead  to  loss 
of  acetylation  and  decreased  DHT  binding  and  signaling  [6,66]. 

SUMOylation  typically  results  in  repression  of  AR.  This  process 
results  in  the  attachment  of  small  ubiquitin  like  modifiers  (SUMO) 
to  AR  with  reversal  via  SUMO  specific  proteases  including  SENP1. 
AR  is  modified  by  SUMO-1  in  an  androgen  dependent  manner  lead¬ 
ing  to  rapid  reversal  of  AR  function.  Mutations  at  the  site  of 
SUMOylation  within  the  NTD  lead  to  decreased  SUMO-1  binding 
and  enhanced  transcriptional  activity  of  AR  [6,66,68,69]. 

The  ubiquitin  E3  ligase,  RNF6,  induces  AR  ubiquitination  and 
promotes  AR  transcriptional  activity.  RNF6  is  overexpressed  in 
CRPC  tissues  and  has  been  linked  to  prostate  cancer  cell  growth 
after  androgen-depletion.  Data  suggest  that  RNF6-induced  ubiqui¬ 
tination  regulates  both  AR  transcriptional  activity  and  specificity 
by  altering  cofactor  recruitment  [66,68,70]. 

These  mechanisms  illustrate  the  effects  of  post-translational 
modifications  and  their  impacts  on  AR  activity.  Further  in  vivo 
studies  are  needed  to  address  their  clinical  significance  and  influ¬ 
ence  on  disease  progression,  as  well  as  their  potential  for  develop¬ 
ing  novel  prostate  cancer  specific  therapies. 

Altered  gene  expression  in  CRPC 

Recent  studies  have  shed  considerable  insight  into  how  AR  sig¬ 
naling  assists  cancer  cells  in  adapting  to  the  decline  in  androgen 
levels  and  how  AR  transcriptional  networks  are  regulated  in  CRPC, 
as  compared  to  androgen-dependent  prostate  cancer.  A  variety  of 
studies  reveal  that  AR  can  alter  the  transcription  of  a  significant 
number  of  genes  mediating  androgen  synthesis,  DNA  synthesis, 
and  cell  cycle  progression.  Chromatin  immunoprecipitation  cou¬ 
pled  with  sequencing  (ChIP-seq)  of  DNA  adjacent  to  histone  marks 
H3K4mel  and  H3K4me3  in  CRPC  tissue  reveal  significant  overlap¬ 
ping  binding  sites  with  AR  (26%  of  AR  binding  sites  overlap  with 
these  H3K4  peaks  in  CRPC  tissue)  [71].  These  and  other  studies 
emphasize  the  critical  importance  of  histone  methylation  in  regu¬ 
lating  AR  mediated  transcription. 

Urbanucci  et  al.  demonstrate  that,  when  AR-transfected  LNCaP 
cells  are  exposed  to  low  concentrations  of  androgens,  even  a  mod¬ 
est  overexpression  of  AR  could  lead  to  a  significant  increase  in  the 
number  of  binding  sites  in  the  AR  cistrome,  as  well  as  the  strength 
of  AR  binding  [72].  Moreover,  in  these  cells,  receptor  binding  to 
chromatin  can  take  place  at  a  concentration  of  androgen  that  is 
100-fold  lower  than  that  in  control  cells.  The  canonical  andro¬ 
gen-response  elements  (AREs)  and  ARE  half-sites  are  among  the 
most  significantly  overrepresented  motifs  in  this  setting  [73]. 
Additional  data  suggest  that  AR  may  be  preferentially  recruited 
to  chromatin  sites  that  lack  the  canonical  AREs  or  ARE  half-sites 
by  tethering  proteins  [74]. 

Via  gene  expression  profiling,  a  distinct  set  of  genes  are  clearly 
upregulated  in  CRPC  compared  to  the  androgen-dependent  state. 
Many  AR  driven  promoters  in  CRPC  tissue  demonstrate  preferential 
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co-occurrence  of  AR  binding  sites  and  histone  mark  H3K4me3.  AR 
recruitment  to  chromatin  associated  with  the  H3I<4mel  histone 
marks  is  more  pronounced  at  enhancers  rather  than  promoters 
[71,72].  A  complex  but  distinct  transcription  program  has  been 
identified  in  CRPC  resulting  in  cellular  growth  rather  than  differen¬ 
tiation  [72].  In  normal  prostate  cells,  AR  signaling  primarily 
promotes  a  differentiation  of  cells.  In  CRPC,  unlike  androgen- 
dependent  cells,  AR  directly  promotes  transcription  of  M-phase  cell 
cycle  regulatory  genes  such  as  CDC20,  UBE2C,  CDKl,  and  these 
alterations  increase  cellular  proliferation  in  combination  with 
various  collaborating  transcription  factors  (such  as  FoxAl)  and 
co-activators  (such  as  MED1). 

As  an  example  of  re-directed  gene  expression  in  CRPC,  the  ubiq- 
uitin-conjugating  enzyme  E2C  (UBE2C)  may  be  particularly  impor¬ 
tant  as  expression  is  critical  for  inactivation  of  the  cell  cycle 
M-phase  checkpoint  [72].  In  CRPC  models,  two  UBE2C  gene  enhan¬ 
cer  sites  contain  H3K4mel  and  H3K4me2.  These  epigenetic  marks 
allow  FoxAl  and  MED1  binding,  which  then  directs  AR  binding  to 
the  enhancer,  thereby  activating  AR-dependent  UBE2C  transcrip¬ 
tion.  Both  the  H3K4  marks  and  the  “pioneer  factor”  FoxAl  are 
required  for  AR  binding  to  occur.  The  critical  role  of  UBE2C  is  sug¬ 
gested  by  silencing  of  UBE2C,  which  stops  proliferation  in  CRPC 
models.  Interestingly,  though  silencing  of  FOXA1  abolishes  AR  med¬ 
iated  UBE2C  transcription  in  CRPC  models,  it  has  no  effect  on  tradi¬ 
tional  AR  target  gene  expression  (PSA  and  TMPRSS2)  in  androgen 
dependent  models,  suggesting  the  critical  importance  of  FoxAl  in 
unique  CRPC  transcription  programs  [72]. 

It  is  not  appropriate  to  view  AR-mediated  CRPC  gene  repro¬ 
gramming  solely  in  terms  of  gene  expression.  Liganded  AR  has  dis¬ 
tinct  effects  on  AR  mediated  transcription  that  are  dependent  on 
both  ligand  concentration  and  cellular  context.  One  hypothesis 
suggests  that  androgen  levels  in  CRPC  cells  are  adequate  to  stimu¬ 
late  selected  enhancer  elements,  but  are  not  adequate  to  effec¬ 
tively  recruit  AR  to  suppressor  elements  that  can  negatively 
regulate  cellular  proliferation.  Under  these  circumstances,  both 
the  concentration  of  ligand  and  the  CRPC  context  are  keys  to 
understanding  AR  regulated  gene  expression  24]. 

Enhancer  of  zeste  homolog  2  (EZH2),  which  is  over-expressed  in 
CRPC  (and  many  other  advanced  cancers),  can  functionally  switch 
from  transcriptional  repression  in  normal  cells  to  gene  activation 
in  CRPC.  EZH2  phosphorylation  at  Ser21,  potentially  an  Akt  medi¬ 
ated  event  in  CRPC,  promotes  association  with  an  AR-containing 
complex  and  dramatically  alters  expression  of  a  large  number  of 
transcripts  involved  in  cellular  proliferation.  Suppression  of  EZH2 
decreases  growth  rates  in  various  CRPC  model  systems  suggesting 
potential  as  a  drug  target  [75]. 

Another  example  of  dramatic  alterations  in  the  AR  cistrome  in¬ 
volves  the  AR-regulated  TMPRSS2:ERG  fusion  gene.  Expression  of 
the  TMPRSS2:ERG  fusion  gene  is  restored  in  CRPC,  in  concert  with 
activation  of  AR  transcriptional  activity,  and  a  continued  important 
role  for  ERG  in  CRPC  has  been  postulated  [23].  In  CRPC  cells,  ERG 
over-expression  redirects  AR  to  a  set  of  genes  (including  the  poten¬ 
tially  important  SOX9)  that  are  not  normally  androgen  stimulated 
[76]. 

Taken  together,  AR  gene  expression  signatures  in  CRPC  are  dy¬ 
namic,  context-dependent,  and  involve  hundreds  of  transcripts 
(both  coding  and  non-coding)  that  promote  cell  proliferation, 
motility,  and  invasion.  Significant  variations  are  noted  between  cell 
cultures  and  human  samples  [71],  thus  caution  is  advised  in  over¬ 
interpreting  cell  culture  studies.  Developing  gene  expression  sig¬ 
natures  with  clinical  relevance  is  an  ongoing  goal  [71]. 

Non-AR  mutations  in  CRPC 

In  a  study  of  metastatic  CRPC  tissues  derived  from  autopsy 
specimens,  mutations  were  recurrently  noted  in  a  variety  of 


exomes  including  those  derived  from  p53,  ZFHX3,  RBI,  PTEN, 
APC,  MLL2,  OR5L1  and  CDKl 2  [29].  These  appear  to  constitute 
adaptive  responses  that  arise  in  CRPC  but  are  distinct  from  those 
seen  in  the  AR-axis.  Next-generation  sequencing  promises  to  fur¬ 
ther  elucidate  further  genomic  alterations/mutations  in  both  cod¬ 
ing  and  non-coding  regions  of  the  genome.  This  area  will  rapidly 
progress  in  the  near  future.  Whether  clinically  actionable  muta¬ 
tions  will  arise  from  these  analyses  is  unclear.  Additional  focus 
on  this  important  arena  is  beyond  the  scope  of  this  manuscript. 

Non-coding  RNAs 

This  complex  arena  is  only  now  beginning  to  be  explored.  Re¬ 
cent  studies  of  the  human  transcriptome  indicate  that  the  number 
of  non-coding  RNAs  is  in  far  excess  of  the  number  of  protein  coding 
genes.  Non-coding  RNAs  vary  tremendously  in  size.  Thus  far, 
microRNAs  are  among  those  best  studied  given  their  stability  and 
annotation.  Androgens  can  up-  or  down-regulate  a  number  of 
microRNAs,  with  exact  results  being  dependent  on  the  model  stud¬ 
ied  [77].  Androgen  represses  the  miR-99a/let7c/125b-2  cluster 
[26  .  Serum  samples  from  metastatic  CRPC  patients  exhibit  distinct 
circulating  microRNA  signatures.  miR-375,  miR-378,  and  miR-141 
are  over-expressed  in  serum  from  CRPC  patients  compared  with 
serum  from  low-risk  localized  patients,  while  miR-409-3p  is  un¬ 
der-expressed  [78].  Among  longer  non-coding  RNAs,  approxi¬ 
mately  120  are  transcriptionally  dysregulated  in  prostate  cancer 
[79].  One  of  these,  PCAT-1  has  been  potentially  implicated  in  ad¬ 
vanced  disease  [80].  Considerable  evolution  in  this  area  is  expected 
in  the  next  several  years. 

Conclusion 

Multiple  adaptive  mechanisms  involve  the  androgen  signaling 
axis  in  CRPC.  Alterations  in  the  AR-axis  include  altered  ligand / 
receptor  interactions,  and/or  altered  transcriptional  response  to 
AR.  Both  AR  hypersensitivity  due  to  AR  overexpression  and  intratu- 
moral  androgen  synthesis  have  been  shown  to  continue  androgen 
dependent  growth  despite  a  relatively  hormone-depleted  environ¬ 
ment.  AR  mutations  are  noted,  especially  in  tumors  treated  with 
selected  anti-androgens.  AR  splice  variants  can  create  a  constitu- 
tively  active  receptor,  alter  recruitment  of  co-activators/repressors, 
and  alter  gene  expression  leading  to  sustained  CRPC  growth. 
Changes  in  co-regulator  expression  and  various  polymorphisms 
in  androgen  transporters  have  also  been  identified.  Ligand  inde¬ 
pendent  activation  of  AR  has  been  seen  with  cross  talk  between 
extracellular  peptides,  intracellular  kinase  pathways,  co-regulatory 
proteins,  and  intrinsic  activation  of  AR.  Post-translational  modifi¬ 
cations  can  affect  AR  activity,  stability,  localization,  and  interaction 
with  other  proteins.  A  distinct  AR-induced  transcriptional  program 
leading  to  proliferation,  invasion,  and  metastasis  provides  an  addi¬ 
tional  important  mechanism  for  the  development  of  CRPC.  The 
exploration  of  numerous  uncharacterized  non-coding  RNAs,  some 
of  which  are  androgen-regulated,  may  also  have  important  biolog¬ 
ical  functions  in  this  disease.  Non-AR-axis  mutations  are  also 
increasingly  being  documented  and  their  relevance  to  the  growth 
of  CRPC  is  currently  being  explored.  In  summary,  CRPC  develop¬ 
ment  and  progression  is  centered,  in  part,  around  adaptations  of 
the  androgen  signaling,  opening  doors  for  continued  research  and 
potential  development  of  novel  therapeutic  concepts. 
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Abstract:  Significant  advances  in  our  understanding  of  continued  androgen  receptor  (AR)  signaling  in  castration- 
resistant  prostate  cancer  have  led  to  the  development  and  FDA  approval  of  two  next-generation  androgen-directed 
therapies,  abiraterone  and  enzalutamide.  These  new  therapies  heralded  a  new  era  of  prostate  cancer  therapy. 
However,  disease  progression  during  androgen-directed  therapies  remains  the  most  critical  challenge  in  the  clinical 
management  of  prostate  cancer.  Accumulating  evidence  points  to  an  important  contribution  of  constitutively-active 
AR  splice  variants  to  AR-driven  tumor  progression  during  androgen-directed  therapies.  In  this  review,  we  will  focus 
on  the  structure,  activity,  detection,  clinical  relevance,  and  mechanisms  of  production  of  AR  splice  variants. 

Keywords:  Androgen  receptor,  AR  splice  variants,  castration  resistance,  prostate  cancer 


Introduction 

Prostate  cancer  is  the  most  common  non-skin 
cancer  and  the  second  leading  cause  of  cancer 
mortality  in  men  in  the  United  States.  Androgen 
deprivation  therapy,  which  disrupts  androgen 
receptor  (AR)  signaling  by  reducing  androgen 
levels  through  surgical  or  chemical  castration, 
or  by  administration  of  anti-androgens  that 
compete  with  androgens  for  binding  to  AR  [2],  is 
the  first-line  treatment  for  metastatic  and  local¬ 
ly  advanced  prostate  cancer.  While  this  regi¬ 
men  is  effective  initially,  progression  to  the 
presently  incurable  and  lethal  stage,  termed 
castration-resistant  prostate  cancer  (CRPC), 
invariably  occurs  [1,  2].  With  a  median  survival 
of  -16-18  months  [3],  CRPC  accounts  for  the 
majority  of  disease-related  mortality.  Mounting 
evidence  suggests  that  resurgent  AR  drives 
therapeutic  failure  and  castration-resistant 
progression  [1,  2].  A  number  of  ligand-depen¬ 
dent  and  -independent  mechanisms  have  been 
proposed  to  underlie  AR  reactivation  during 
androgen  deprivation  therapy  [1,  2].  While 
these  mechanisms  are  thoroughly  reviewed  by 
many,  this  review  is  focused  on  the  discussion 
of  the  role  of  constitutively-active  AR  splice  vari¬ 


ants  that  lack  the  functional  ligand-binding 
domain  (LBD)  in  AR-signaling  reactivation. 

Structure  and  activity  of  the  AR  splice  variants 

The  canonical  AR  protein  is  919  amino  acids 
long,  encoded  by  8  exons  on  the  X-chromosome 
(Xql2)  [4].  Structurally,  the  full-length  AR  (AR- 
FL)  resembles  other  members  of  the  steroid 
receptor  family,  consisting  of  4  domains  (Figure 
1).  The  N-terminal  domain  (NTD)  contains  an 
activation  function  1  (AF1)  domain  that  func¬ 
tions  as  a  ligand-independent  transcriptional 
activation  domain.  Another  important  function 
of  NTD  is  recruitment  of  coregulators.  The  DNA- 
binding  domain  (DBD)  contains  two  zinc  fingers 
that  are  involved  in  DNA  recognition,  dimeriza¬ 
tion,  and  stabilization.  The  hinge  domain  (H) 
provides  flexibility  to  the  protein  and  regulates 
the  nuclear  translocation  of  the  receptor 
through  a  canonical  nuclear  localization  signal. 
The  C-terminal  LBD  contains  a  ligand-binding 
pocket  that  mediates  high  affinity  ligand-bind¬ 
ing.  A  second  activation  function  domain  (AF2) 
is  located  in  the  LBD  and  regulates  transcrip¬ 
tional  activation  in  a  ligand-dependent  manner. 
All  hormonal  therapies  currently  accepted  in 
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AR  proteins 


AR-FL 


AR-V1 

AR-V2 1  NTD 


AR-V3  |  NTD 
AR-V4 1  NTD 
AR-V5 1  NTD 
AR-V6  [  NTD 
AR-V7  |  NTD 
AR-V8 1  NTD 
AR- V9 1  NTD 


AR-V10 1  NTD 
AR-Vlll  NTD 
AR-V12|  NTD 
AR-V13 1  NTD 
AR-V14 1  NTD 
AR8 1  NTD 


Unique  C-  terminal  sequence 

MTLG  ARKLKKLGN --279aa--FHTQ* 

MTLGAVWSERILRVFGVSEWLP* 

MTLGAVVVSERILRVFGVSEWLP* 

RAAEGFFRMNKLKESSDTNPKPYCMAAPMGLTENNRNRKKSYRETNLKAVSWPLNHT* 

MTLGGFFRMNKLKESSDTNPKPYCMAAPMGLTENNRNRKKSYRETNLKAVSWPLNHT* 

MTLGD* 

MTLGAGSRVS* 

MTLGEKFRVGNCKHLKMTRP* 

MTLGGFDNLCELSS* 

MTLGDNLPEQAAFWRHLHIFWDHWKK* 

MTPSSGTNSVFLPHRDWRTGCRSNSGYHSCSCEYHDYCFL* 

MTLGGKILFFLFLLLPLSPFSLIF* 

MTLGARKLKKLGN--93aa--SVHF* 

LFSINHT* 

SVQPITPDAMYL* 

YSGPYGDMRNTRRKRLWKLIIRSINSCICSPRETEVPVRQQK* 


Figure  1.  Schematic  representation  of  the  structure  of  AR-FL  and  AR-V  proteins.  U,  unique  sequence;  ZF,  zinc  finger. 


the  clinic  for  treatment  of  prostate  cancer, 
including  the  recent  FDA-approved  abiraterone 
[5]  and  enzalutamide  [6],  target  the  LBD  c/e 
facto. 

Recently,  a  cadre  of  AR  splice  variants  (AR-Vs) 
that  are  devoid  of  a  functional  LBD  have  been 
identified  (Figure  1).  Structurally,  these  vari¬ 
ants  either  have  insertions  of  cryptic  exons 
immediately  downstream  of  the  exons  encod¬ 
ing  the  DBD  or  have  deletions  of  the  exons 
encoding  the  LBD,  resulting  in  a  disrupted  AR 
open  reading  frame  and  the  expression  of  trun¬ 
cated  proteins  [7-12].  Since  the  NTD  and  DBD 
remain  intact  in  the  majority  of  the  AR-Vs  identi¬ 
fied  to  date,  many  variants  display  constitutive 
activity  [7-12].  Others  are  considered  condition¬ 
ally  active  because  these  variants  display 
ligand-independent  activity  only  in  certain  cell 
models  [12].  Two  major  AR-Vs,  AR-V7  (also 
known  as  AR3)  and  ARv567es  (a.k.a.  AR-V12), 
have  been  shown  to  be  capable  of  regulating 
target  gene  expression  in  the  absence  of  the 
AR-FL  signaling  [8-10,  13].  Gene  expression 
profiling  showed  that  AR-V7  and  ARv567es  regu¬ 
late  the  expression  of  both  canonical  andro¬ 
gen-responsive  genes  and  a  distinct  set  of  tar¬ 
gets  enriched  for  cell-cycle  function  [9,  10, 13]. 
However,  there  exists  significant  difference  in 
the  AR-V  transcriptome  identified  by  different 


studies  [8-10,  13],  possibly  due  to  the  use  of 
different  model  systems. 

Notably,  not  all  AR-Vs  function  as  a  transcrip¬ 
tion  factor.  For  example,  AR8  lacks  a  functional 
DBD,  and  has  been  shown  to  localize  mainly  to 
the  plasma  membrane  [14].  AR8  may  play  a 
role  in  mediating  Src  kinase  activation  as  well 
as  AR-FL  tyrosine  phosphorylation  and  subse¬ 
quent  nuclear  translocation  in  response  to  EGF 
treatment,  possibly  by  forming  a  membrane- 
associated  signaling  complex  that  includes 
AR8,  AR-FL,  Src  kinase,  and  EGFR  [14].  Dep¬ 
letion  of  AR8  by  RNA  interference  compromised 
EGF-induced  Src  activation  and  AR  phosphory¬ 
lation,  as  well  as  inhibited  cell  proliferation  and 
induced  cell  death  [14].  Thus,  AR8  activates 
the  AR  signaling  pathway  and  promotes  cell 
survival  via  a  nongenomic  mechanism. 

Potentiation  of  AR-FL  activity  is  not  limited  to 
the  transcriptionally  inactive  AR8.  In  cells  co¬ 
expressing  ARv567es  and  AR-FL,  ARv567es  could 
bind  to  AR-FL  and  facilitate  the  nuclear  translo¬ 
cation  of  AR-FL  in  the  absence  of  ligand  [10]. 
Similarly,  AR-V7  could  also  facilitate  the  nuclear 
translocation  of  AR-FL  in  an  androgen  depleted 
condition  or  in  the  presence  of  the  potent  AR 
antagonist  enzalutamide  (Cao  et  a/.,  manu¬ 
script  under  review). 
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Table  1.  Isoform-specific  PCR  primers  for  detecting  AR-Vs 


AR-Vs 

Alias 

PCR  Primers 

Primer  locations 

Product  size  (bp) 

Ref. 

AR-Vl 

AR4 

F:  5’-CCATCTTGTCGTCTTCGGAAATGTTATGAAGC-3’ 

R:  5’-CTGTTGTGGATGAGCAGCTGAGAGTCT-3’ 

Exon  3 

CE1 

149 

[8] 

F:  5’-CTACTCCGGACCTTACGGGGACATGCG-3’ 

R:  5 ’ -GATT CTTT C AG AAACAAC AAC AG CT G CT-3 ’ 

Exon  1 

Exon  3/CE1 

322 

[9] 

AR-V2 

N/A 

[8] 

AR-V3 

ARl/2/2b 

N/A 

[7,8] 

AR-V4 

ARl/2/3/2b,  AR5 

F:  5’-CTACTCCGGACCTTACGGGGACATGCG-3’ 

R:  5  ’  -CTTTTAATTT GTT C  ATT  CT  G  AAAAAT  CCTC-3  ’ 

Exon  1 

CE2 

323 

[9] 

AR-V5 

N/A 

[8] 

AR-V6 

N/A 

[8] 

AR-V7 

AR3 

F:  5 ’ -CCAT CTTGT CGTCTTCG G AAAT GTTATG AAGC-3 ’ 

F:  5 ’ -TTTG AATG AG G CAAGT CAGCCTTT CT-3 ’ 

Exon  3 

CE3 

125 

[8] 

F:  5’-CTACTCCGGACCTTACGGGGACATGCG-3’ 

R:  5’-TGCCAACCCGGAATTTTTCTCCC-3’ 

Exon  1 

Exon  3/CE3 

314 

[9] 

AR-V8 

N/A 

[11] 

AR-V9 

F:  5  ’  -CCAT  CTTGT  CGTCTTCG  G  AAAT  GTTATG  AAGC-3  ’ 

R:  5 ’ -TTAGTTCTACTT CTTAACAACGTG AT CCCA-3 ’ 

Exon  3 

CE5 

128 

[12] 

AR-V10 

N/A 

[11] 

AR-V11 

N/A 

[11] 

AR-V12 

ARv567es 

F:  5-GCCTTGCCTGATTGCGAG 

R:  5’-CATGTGTGACTTGATTAGCAGGTCAAA 

Exons  4/8 

Exon  8 

64 

[12] 

F:  5’-CCAAGGCCTTGCCTGATTGC-3’ 

R:  5’-TTGGGCACTTGCACAGAGAT-3’ 

Exons  4/8 

Exon  8 

124 

[10] 

AR-V13 

N/A 

[12] 

AR-V14 

N/A 

[12] 

AR8 

F:  5’-CGACTTCACCGCACCTGATG-3’ 

R:  5’-CTCTTTCTTCGGGTATTTCGCATG-3’ 

Exon  1 

Exons  1/3’ 

150 

[14] 

Detection  of  AR-V  expression 

The  majority  of  AR-V  transcripts  can  be  detect¬ 
ed  by  reverse  transcription  polymerase  chain 
reaction  (RT-PCR),  taking  advantage  of  their 
unique  exon  compositions  and  exon-exon  junc¬ 
tions.  A  collation  of  published  PCR  primers  for 
AR-Vs  is  presented  in  Table  1.  Although  RT-PCR 
provides  a  sensitive  and  specific  assay  for  the 
mRNA,  the  results  do  not  always  correlate  with 
protein  expression.  For  example,  the  transcript, 
but  not  the  protein  product,  of  AR-V7  has  been 
detected  in  the  LNCaP  cell  line  [15].  To  date, 
isoform-specific  antibodies  have  only  been 
reported  for  AR-V7  [8,  9]  and  AR8  [14],  and  the 
only  commercially  available  antibody  is  for 
AR-V7  (Precision  Antibodies,  Columbia,  MD).  To 
overcome  this  limitation,  Zhang  et  a/,  devel¬ 
oped  an  immunohistochemical  assay  to  detect 
the  expression  of  AR-Vs  by  using  two  antibodies 
recognizing  the  N-  and  C-terminus  of  AR, 
respectively  [16].  A  decrease  of  AR  nuclear 
staining  by  the  C-terminal  antibody  when  com¬ 
pared  to  that  by  the  N-terminal  antibody  was 
used  to  indicate  the  presence  of  LBD-truncated, 
transcriptionally  active  AR-Vs.  The  authors 


reported  a  significant  loss  in  AR  C-terminal 
nuclear  immunoreactivity  in  CRPC  specimens, 
but  not  in  tissues  from  primary  cancers,  sug¬ 
gesting  the  prevalence  of  AR-Vs  in  CRPC.  The 
results  were  further  corroborated  by  RT-PCR 
[16].  Despite  the  demonstrated  success,  this 
approach  requires  significant  efforts  in  assay 
optimization  and  standardization.  There  is  a 
great  demand  for  the  development  of  addition¬ 
al  isoform-specific  antibodies  for  AR-Vs.  The 
unique  C-terminal  peptide  sequences  of  AR-Vs 
are  presented  in  Figure  1. 

Clinical  relevance  of  AR-Vs 

AR-Vs  are  prevalently  upregulated  in  CRPC  com¬ 
pared  to  hormone-naive  cancers,  and  may 
emerge  as  an  adaptive  response  to  therapies 
targeting  the  androgen  signaling  axis  [8-11, 16, 
17].  It  is  important  to  recognize  the  existence  of 
discrepancy  between  the  relative  abundance  of 
AR-V  mRNAs  and  that  of  AR-V  proteins  in  clini¬ 
cal  specimens.  Although  the  levels  of  AR-V 
mRNAs  in  metastatic  CRPCs  have  been  shown 
to  constitute  at  most  7%  of  the  AR-FL  mRNA 
level  [11,  17],  Western  analyses  of  13  CRPC 
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bone  metastases  demonstrated  that  the  levels 
of  AR-V  proteins  could  constitute  a  median  of 
32%  of  the  AR-FL  protein  level  (ranging  from  0 
to  95%)  [17].  In  fact,  in  38%  of  these  CRPC 
bone  metastases,  the  AR-V  proteins  are 
expressed  at  a  level  comparable  to  that  of  the 
AR-FL  protein  [17].  The  relative  high  abundance 
of  AR-V  proteins  is  also  supported  by  data  from 
immunohistochemistry  analysis.  With  the  use 
of  an  antibody  specific  to  AR-V7,  several  groups 
show  that  AR-V7  is  readily  detectable  in  pros¬ 
tate  cancer  specimens  [9,  13,  18].  Using  the 
two-antibodies  approach  described  above, 
Zhang  and  colleagues  analyzed  50  primary 
prostate  cancer  and  162  metastatic  CRPC  tis¬ 
sues  and  found  that  24%  of  these  CRPC  tissues 
display  a  staining  pattern  similar  to  that  of  the 
LuCaP86.2  xenograft,  which  predominantly 
expresses  AR-V  [16]. 

It  is  also  important  to  recognize  that  the  abso¬ 
lute  levels  of  AR-Vs  may  not  be  as  important  as 
that  of  AR-FL  for  their  respective  activity.  This  is 
because  AR-FL  is  located  in  the  cytoplasm  in 
the  absence  of  ligand  and  translocates  to  the 
nucleus  and  activates  target-gene  expression 
upon  ligand  binding,  whereas  constitutively- 
active  AR-Vs  localize  to  the  nucleus  and  acti¬ 
vate  target-gene  expression  in  the  absence  of 
ligand  [8-12,  19].  Strikingly,  higher  expression 
of  AR-V7  in  hormone-naive  prostate  tumors 
predicts  increased  risk  of  biochemical  recur¬ 
rence  following  radical  prostatectomy  [8,  9], 
and  patients  with  high  levels  of  expression  of 
AR-V 7  or  detectable  expression  of  ARv567es  have 
a  significantly  shorter  survival  than  other  CRPC 
patients  [17],  indicating  an  association  between 
AR-V  expression  and  a  more  lethal  form  of  pros¬ 
tate  cancer.  Collectively,  the  existing  data  sup¬ 
port  that  AR-V  proteins  are  expressed  at  a  sig¬ 
nificant  level  in  clinical  specimens  and  should 
not  be  trivialized  simply  based  on  their  relative 
low  mRNA  abundance. 

Preclinical  studies  have  pointed  to  an  impor¬ 
tant  role  of  AR-Vs  in  mediating  castration  resis¬ 
tance.  Ectopic  expression  of  AR-V7  or  ARv567es 
confers  castration-resistant  growth  of  LNCaP 
xenograft  tumors  [9-11].  Conversely,  knock¬ 
down  of  AR-V7  attenuates  the  growth  of  castra¬ 
tion-resistant  22Rvl  xenograft  tumors  [9]. 
Targeted  expression  of  ARv567es  in  prostate  epi¬ 
thelium  induces  c/e  novo  prostate  cancer  devel¬ 
opment  and  promotes  castration-resistant  pro¬ 
gression  of  the  tumors  in  transgenic  mice  [20]. 


Although  only  prostatic  intraepithelial  neopla¬ 
sia  lesions  are  observed  in  AR-V7  transgenic 
mice,  the  majority  of  AR-V7-positive  cells  in  cas¬ 
trated  AR-V7  transgenic  mice  are  ck5+/ck8+ 
intermediate  cells,  indicating  a  role  of  AR-V7  in 
maintaining  or  expanding  prostate  progenitor 
cell  population  during  androgen  deprivation 
[21]. 

AR-Vs  have  also  been  indicated  to  confer  resis¬ 
tance  to  abiraterone  and  enzalutamide  in  pre¬ 
clinical  studies.  AR-Vs  are  increased  in  CRPC 
xenografts  that  recurred  after  abiraterone  [22] 
or  enzalutamide  treatment  (Cao  et  a/.,  manu¬ 
script  under  review).  Knockdown  of  AR-Vs  sen¬ 
sitizes  22Rvl  cells  and  NFkB  p52-transfected 
LNCaP  cells  to  enzalutamide  inhibition  of 
growth  [23,  24].  Reducing  AR-V  levels  with 
small-molecule  drugs  improves  enzalutamide 
efficacy  against  the  growth  of  22Rvl  cells  and 
xenografts  [25].  Intriguingly,  ectopic  expression 
of  AR-V7  in  AR-FL-overexpressing  LNCaP  xeno¬ 
grafts  does  not  affect  the  growth  inhibitory  effi¬ 
cacy  of  enzalutamide  [11].  A  plausible  explana¬ 
tion  for  the  discrepancy  is  that,  in  the  context  of 
AR  overexpression,  the  growth  of  LNCaP  tumors 
may  be  driven  mainly  by  the  AR-FL  signaling, 
making  enzalutamide  highly  effective  irrespec¬ 
tive  of  AR-V  expression.  Nonetheless,  our  data 
showed  that,  when  the  ectopically-expressed 
AR-FL  is  lost  in  these  xenografts,  they  can 
become  resistant  to  enzalutamide,  and  the 
resistance  is  accompanied  by  increased  exp¬ 
ression  of  AR-Vs  (Cao  et  a/.,  manuscript  under 
review).  Thus,  prostate  cancers  may  evade  all 
androgen-directed  therapies  through  shifting 
towards  AR-V-mediated  signaling. 

Mechanisms  of  AR-V  production 

Two  mechanisms  have  been  proposed  for  AR-V 
production,  AR  gene  rearrangement  [26,  27] 
and  increased  pre-mRNAsplicing  [35].  Modeling 
gene  rearrangement  in  prostate  cancer  cells 
showed  expression  of  ARv567es  without  AR-FL  in 
clonally  selected  cells  [27].  While  AR  gene  rear¬ 
rangement  could  contribute  to  AR-V  production 
in  a  subset  of  prostate  cancers,  AR-V  produc¬ 
tion  at  the  expense  of  AR-FL  appears  to  be 
inconsistent  with  the  tight  correlation  between 
AR-V  and  AR-FL  mRNAs  observed  in  individual 
clinical  specimens  and  in  xenograft  [11,  17]  or 
co-expression  of  AR-FL  and  AR-V7  in  CRPC 
specimens,  as  indicated  by  overlapping  AR-FL 
and  AR-V7  immunohistochemistry  staining  of 
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adjacent  tumor  sections  [13].  Moreover,  while  a 
clonal  selection  process  is  required  for  gene- 
rearrangement-mediated  AR-V  production  to  be 
manifested  at  the  level  of  tumor  tissues, 
change  in  AR-V  levels  in  response  to  androgen 
deprivation  was  rather  rapid  in  xenograft 
tumors  [10, 11].  Further,  different  AR-Vs  can  be 
expressed  in  the  same  tissues.  Clonal  expan¬ 
sion  of  cells  with  one  type  of  gene  arrangement 
could  lead  to  expression  of  one  specific  AR-V 
but  may  not  be  able  to  account  for  the  expres¬ 
sion  of  different  AR-Vs.  Compared  to  gene 
arrangement,  increased  splicing  appears  to  be 
more  generalizable.  RNA  splicing  is  closely  cou¬ 
pled  with  gene  transcription  [36].  Androgen 
deprivation  was  shown  to  enhance  the  rate  of 
AR-gene  transcription  and  thereby  indirectly 
contribute  to  increased  AR  pre-mRNA  splicing 
to  produce  both  AR-FL  and  AR-V7  [35].  A  com¬ 
prehension  of  the  mechanisms  of  AR-V  produc¬ 
tion  is  paramount  for  developing  effective 
means  to  suppress  AR-V  expression. 

Conclusion 

AR  signaling  is  active  in  CRPC  although  the  can¬ 
cer  is  no  longer  responsive  to  androgen  depri¬ 
vation  therapy.  LBD-truncated  AR  splice  vari¬ 
ants  not  only  may  play  a  role  in  maintaining  the 
canonical  AR  transcriptome  in  a  genuine  ligand- 
independent  manner,  but  may  also  regulate  a 
unique  subset  of  target  genes.  Accumulating 
clinical  and  preclinical  data  suggest  that  AR-Vs 
are  critically  involved  in  the  treatment  failure  of 
first-  and  second-line  hormonal  therapies. 
Therefore,  targeting  the  AR-Vs  appears  to  an 
important  concept  and  a  fruitful  direction  of 
therapeutic  development.  To  this  end,  several 
natural  or  synthetic  compounds  have  been 
shown  pre-clinically  to  inhibit  AR-V  actions  [18, 
29-34],  and  proof  of  efficacy  in  clinical  trials  is 
keenly  awaited.  Furthermore,  the  expression  of 
constitutively  active  AR-Vs  could  serve  as  a 
prognostic  and  response  biomarker  to  guide 
treatment  decisions. 
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ABSTRACT: 

Upregulation  of  constitutively-active  androgen  receptor  splice  variants  (AR-Vs) 
has  been  implicated  in  AR-driven  tumor  progression  in  castration-resistant  prostate 
cancer.  To  date,  functional  studies  of  AR-Vs  have  been  focused  mainly  on  their  ability 
to  regulate  gene  expression  independent  of  the  full-length  AR  (AR-FL).  Here,  we 
showed  that  AR-V7  and  ARv567es,  two  major  AR-Vs,  both  facilitated  AR-FL  nuclear 
localization  in  the  absence  of  androgen  and  mitigated  the  ability  of  the  antiandrogen 
enzalutamide  to  inhibit  AR-FL  nuclear  trafficking.  AR-V  bound  to  the  promoter  of  its 
specific  target  without  AR-FL,  but  co-occupied  the  promoter  of  canonical  AR  target  with 
AR-FL  in  a  mutual ly-dependent  manner.  AR-V  expression  attenuated  both  androgen 
and  enzalutamide  modulation  of  AR-FL  activity/cell  growth,  and  mitigated  the  in  vivo 
antitumor  efficacy  of  enzalutamide.  Furthermore,  ARv567es  levels  were  upregulated  in 
xenograft  tumors  that  had  acquired  enzalutamide  resistance.  Collectively,  this  study 
highlights  a  dual  function  of  AR-Vs  in  mediating  castration  resistance.  In  addition  to 
trans-activating  target  genes  independent  of  AR-FL,  AR-Vs  can  serve  as  a  "rheostat" 
to  control  the  degree  of  response  of  AR-FL  to  androgen-directed  therapy  via  activating 
AR-FL  in  an  androgen-independent  manner.  The  findings  shed  new  insights  into  the 
mechanisms  of  AR-V-mediated  castration  resistance  and  have  significant  therapeutic 
implications. 


INTRODUCTION 

Androgen  deprivation  therapy,  which  disrupts 
androgen  receptor  (AR)  signaling  through  androgen 


ablation  or  AR  antagonists,  is  the  first-line  treatment 
for  disseminated  prostate  cancer.  While  this  regimen  is 
effective  initially,  progression  to  the  presently  incurable 
and  lethal  stage,  termed  castration-resistant  prostate 
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cancer  (CRPC),  invariably  occurs  [1,2].  Resurgent  AR 
activity  is  an  established  driver  of  therapeutic  failure 
and  castration-resistant  progression  [1,2].  A  number  of 
ligand-dependent  and  -independent  mechanisms  have 
been  proposed  to  underlie  AR  reactivation  after  androgen- 
directed  therapies  [1,2].  For  example,  overexpression  of 
the  full-length  AR  (AR-FL)  was  shown  to  convert  prostate 
cancer  growth  from  a  castration-sensitive  to  a  castration- 
resistant  stage  [3].  In  addition,  CRPC  tissues  were 
shown  to  exhibit  persistent  levels  of  androgens  despite 
androgen  deprivation  [1,2].  These  led  to  the  development 
of  the  potent  AR  antagonist  enzalutamide  (MDV3100) 
and  the  androgen  biosynthesis  inhibitor  abiraterone  for 
treatment  of  metastatic  CRPC  [4,5].  They  heralded  a  new 
era  of  prostate  cancer  therapy.  However,  many  patients 
presented  with  therapy-resistant  disease,  and  most  initial 
responders  developed  acquired  resistance  within  months 
of  therapy  initiation,  again  accompanied  by  increased 
prostate-specific  antigen  (PSA),  indicating  reactivated 
AR  signaling  [4,5].  Emerging  evidences  indicate  that 
prostate  tumors  can  adapt  to  these  androgen-directed 
therapies,  including  the  new  agents,  by  signaling  through 
constitutively-active  AR  splice  variants  (AR-Vs)  that  lack 
the  functional  ligand-binding  domain  [6-16]. 

AR-Vs  are  upregulated  in  most  CRPCs  compared 
to  hormone-naive  cancers  [6,7,13-17].  Intriguingly, 
there  is  a  significant  discrepancy  between  the  relative 
abundance  of  AR-V  mRNAs  and  that  of  AR-V  proteins 
in  clinical  specimens.  While  the  level  of  AR-V  mRNAs 
is  low  relative  to  that  of  the  AR-FL,  the  AR-V  proteins 
are  expressed  at  a  level  comparable  to  that  of  AR-FL  in 
a  considerable  portion  of  metastatic  CRPC  tissues  [6,16]. 
In  addition,  the  absolute  levels  of  AR-Vs  may  not  be  as 
important  as  that  of  AR-FL  for  their  respective  activity. 
This  is  because  AR-FL  is  located  in  the  cytoplasm  in  the 
absence  of  ligand  and  translocates  to  the  nucleus  and 
activates  target-gene  expression  upon  ligand  binding, 
whereas  constitutively-active  AR-Vs  localize  to  the 
nucleus  and  activate  target-gene  expression  in  the  absence 
of  ligand  [13-15,18-20].  AR-V7  (aka  AR3)  and  ARv567es  are 
two  major  AR-Vs  expressed  in  clinical  specimens  [6,7,13- 
15].  Strikingly,  patients  with  high  levels  of  expression 
of  AR-V7  or  detectable  expression  of  ARv567es  have  a 
significantly  shorter  survival  than  other  CRPC  patients  [6], 
indicating  an  association  between  AR-V  expression  and  a 
more  lethal  form  of  prostate  cancer. 

Preclinical  studies  have  pointed  to  an  important 
role  of  AR-Vs  in  mediating  castration  resistance.  Ectopic 
expression  of  AR-V7  or  ARv567es  confers  castration- 
resistant  growth  of  LNCaP  xenograft  tumors  [13,15,20]. 
Conversely,  knockdown  of  AR-V7  attenuates  the  growth 
of  castration-resistant  22Rvl  xenograft  tumors  [13]. 
AR-Vs  have  also  been  shown  to  confer  resistance  to 
enzalutamide  in  preclinical  studies.  Knockdown  of  AR- 
Vs  sensitizes  22Rvl  cells  and  NFkB  p52-transfected 
LNCaP  cells  to  enzalutamide  inhibition  of  growth 


[8,11].  Reducing  AR-V  levels  with  small-molecule  drugs 
improves  enzalutamide  efficacy  against  the  growth  of 
22Rvl  cells  and  xenografts  [21].  Thus,  AR-V  upregulation 
appears  to  be  a  mechanism  for  prostate  cancer  cells  to 
evade  androgen-directed  therapies.  A  comprehension  of 
mechanisms  of  AR-V  action  is  paramount  for  developing 
effective  means  to  suppress  AR-V  signaling. 

Gene  expression  profiling  showed  that  AR-Vs 
regulate  the  expression  of  both  canonical  androgen- 
responsive  genes  and  a  distinct  set  of  targets  enriched 
for  cell-cycle  function  [7,13,15].  The  ability  of  AR-Vs  to 
regulate  target-gene  expression  has  been  attributed  largely 
to  their  AR-FL-independent  activity  [7,8,12-15,19]. 
However,  AR-FL  and  AR-V7  immunohistochemistry 
staining  of  adjacent  sections  of  CRPC  specimens  showed 
that  AR-V  is  often  co-expressed  with  AR-FL  [7].  We 
reason  that,  in  addition  to  binding  to  chromatin  sites 
and  regulating  gene  expression  independent  of  AR-FL, 
AR-Vs  may  bind  to  chromatin  as  a  complex  with  AR- 
FL.  Combined,  these  two  activities  may  account  for  the 
expanded  AR-V  transcriptome.  In  fact,  ARv567es  has  been 
shown  to  coimmunoprecipitate  with  AR-FL  and  facilitate 
AR-FL  nuclear  localization  in  the  absence  of  androgen 
[15].  In  the  present  study,  we  dissected  the  interplay 
between  AR-Vs  and  AR-FL  in  regulating  gene  expression 
and  mediating  resistance  to  androgen-directed  therapies. 

RESULTS 

AR-V  mitigates  enzalutamide  inhibition  of  AR-FL 
nuclear  localization 

Both  ARv567es  and  AR-V7  can  reside  constitutively 
in  the  nucleus  [14,15,18],  and  ARv567eshas  been  shown 
to  facilitate  AR-FL  nuclear  localization  in  the  absence 
of  androgen  [15].  Enzalutamide  is  known  to  attenuate 
androgen-induced  AR-FL  nuclear  localization  in  cells 
expressing  AR-FL  alone  [22].  To  assess  the  effect  of 
AR-V7  on  AR-FL  subcellular  localization  and  the 
impact  of  AR-Vs  on  enzalutamide  modulation  of  AR- 
FL  localization,  we  expressed  AR-FL-green-fluorescent- 
protein  (AR-FL-GFP)  with  or  without  AR-V7-turbo-red- 
fluorescent-protein  (AR-V7-TurboFP)  or  ARv567es-TurboFP 
in  the  AR-null  COS-7  cells.  Consistent  with  previous 
reports  [14,15,18],  as  shown  in  Figure  1A,  both  AR-Vs 
were  found  primarily  in  the  nucleus,  whereas  AR-FL 
localized  predominantly  in  the  cytoplasm  in  androgen- 
deprived  conditions.  Enzalutamide  caused  -50%  reduction 
of  androgen-induced  AR-FL  nuclear  localization,  but  had 
no  effect  on  AR-V  localization  or  AR-FL  localization  in 
the  absence  of  androgen. 

When  co-expressed  with  AR-V7  or  ARv567es  (Figure 
IB),  AR-FL  could  localize  to  the  nucleus  in  the  absence 
of  androgen.  The  nuclear  localization  was  unaffected  by 
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enzalutamide.  Strikingly,  although  addition  of  androgen 
further  induced  AR-FL  nuclear  localization,  enzalutamide 
could  not  retain  AR-FL  in  the  cytoplasm  when  AR-V  was 
present.  Moreover,  AR-V  localization  was  not  affected  by 
androgen  or  enzalutamide  even  when  co-expressed  with 
AR-FL.  A  similar  result  was  obtained  in  the  PC-3  prostate 
cancer  cells  (Supplementary  Figure  1).  Taken  together, 
the  data  suggest  that  AR-Vs  facilitate  AR-FL  nuclear 
localization  in  the  absence  of  androgen  and  mitigate  the 
ability  of  enzalutamide  to  inhibit  androgen-induced  AR- 
FL  nuclear  localization. 

AR-V  and  AR-FL  co-occupy  the  target-gene 
promoter 

Although  AR-V-mediated  AR-FL  nuclear 
localization  may  not  necessarily  entail  a  physical 
interaction  between  AR-V  and  AR-FL,  ARv567es  has  been 
shown  to  coimmunoprecipitate  with  AR-FL,  indicating 
AR-V  can  form  a  complex  with  AR-FL  [15].  To  find  out 
whether  they  bind  to  target  promoters  as  a  complex,  we 


performed  sequential  chromatin  immunoprecipitation 
(Re-ChIP)  analysis  with  an  AR-V7  antibody  followed 
by  an  AR-FL  antibody  in  22Rvl  cells,  which  express 
endogenous  AR-V7  and  are  in  part  driven  by  AR-V7 
[23].  We  had  to  limit  the  analysis  to  AR-V7  because  it 
is  the  only  AR-V  to  which  a  specific  antibody  has  been 
developed.  As  shown  in  Figure  2 A,  we  detected  co¬ 
occupancy  of  AR-V7  and  AR-FL  on  the  promoter  of 
the  PSA  gene,  and  the  co-occupancy  was  unaffected 
by  androgen  or  enzalutamide  treatment.  In  contrast,  the 
promoter  of  ubiquitin-conjugating  enzyme  E2C  (UBE2C) 
is  only  bound  by  AR-V7  (Figure  2A  and  2B),  and  ChIP 
assay  showed  that  AR-FL  knockdown  (shFL)  did  not 
significantly  affect  the  binding  (Figure  2B).  This  is 
consistent  with  UBE2C  as  an  AR-V-specific  target  [6,7]. 
We  then  conducted  a  ChIP  assay  on  the  PSA  promoter  in 
22Rvl  cells  with  or  without  specific  knockdown  of  AR-FL 
or  AR-V7  in  androgen-deprived  condition.  As  shown  in 
Figure  2C,  AR-FL  knockdown  diminished  AR-V7  binding 
to  the  PSA  promoter.  Similarly,  AR-V7  knockdown  (shV7) 
reduced  androgen-independent  AR-FL  binding  to  the 
promoter  (Figure  2D).  Collectively,  the  data  indicate  that, 
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Figure  1:  AR-V  facilitates  AR-FL  nuclear  localization  in  the  absence  of  androgen  and  mitigates  enzalutamide  inhibition 
of  androgen-induced  AR-FL  nuclear  localization.  A  &  B.  Confocal  fluorescence  microscopy  of  AR-FL  and  AR-V  subcellular 
localization  when  expressed  alone  (A)  or  when  co-expressed  with  AR-V  (B)  in  COS-7  cells.  Right  panels,  quantitation  of  %  of  cells  with 
predominantly  nuclear,  equally  nuclear  and  cytoplasmic,  or  predominantly  cytoplasmic  expression.  DRAQ5,  nuclear  stain.  Cells  cultured 
in  androgen-deprived  condition  were  pre-treated  with  1 0  pM  enzalutamide  (Enz)  for  2  hr,  followed  by  treatment  with  or  without  1  nM 
R1881  for  3  hr.  *,P<0.05. 
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in  the  absence  of  androgen,  AR-V  and  AR-FL  co-occupy 
the  promoter  of  canonical  androgen-responsive  gene,  but 
not  AR-V-specific  target,  in  a  mutually-dependent  manner. 

AR-V  attenuates  androgen-induced  AR-FL 
transactivation 

To  determine  the  impact  of  promoter  co-occupancy 
on  target  gene  expression,  we  measured  the  mRNA  levels 
of  both  canonical  androgen-responsive  genes  (PSA  and 
TMPRSS2)  and  AR-V-specific  targets  (CCNA2  and 
UBE2C)  in  22Rvl  cells  in  response  to  AR-FL  or  AR-V7 
knockdown  (Figure  3  A).  While  knockdown  of  AR-FL  and 
AR-V7  both  reduced  androgen-independent  expression 
of  PSA  and  TMPRSS2,  only  AR-V7  knockdown 
downregulated  CCNA2  and  UBE2C.  Notably,  although 
AR-V7  knockdown  diminished  basal  PSA  and  TMPRSS2 
levels,  the  levels  after  androgen  stimulation  were 
essentially  the  same  in  control  and  AR-V7-knockdown 
cells.  AR-V7  knockdown  thus  led  to  a  higher  magnitude 
of  androgen  induction  of  PSA  (2.7-fold  vs\  1.7-fold)  and 
TMPRSS2  (2.6-fold  vs.  1.4-fold),  and  enzalutamide  was 
very  effective  in  blocking  the  induction.  Conversely, 
ectopic  expression  of  AR-V7  or  ARv567es  in  LNCaP  cells 
dose-dependently  induced  basal  PSA  and  TMPRSS2 


expression  and  diminished  the  degree  of  response  of  PSA 
and  TMPRSS2  to  androgen  (Figure  3B  and  Supplementary 
Figure  2).  Taken  together,  the  data  indicate  that,  in 
addition  to  trans- activating  a  distinct  set  of  genes,  AR- 
Vs  activate  AR-FL  in  an  androgen- independent  manner  to 
induce  the  expression  of  their  shared  targets.  In  doing  so, 
AR-Vs  could  serve  as  “rheostats”  to  control  the  degree  of 
response  of  AR-FL  to  androgen  and  to  androgen-directed 
therapy.  Interestingly,  while  ectopic  co-expression  of  AR- 
V7  or  ARv567es  rendered  enzalutamide  ineffective  against 
androgen-induced  AR-FL  nuclear  localization  (Figure 
IB),  the  presence  of  AR-V7  did  not  affect  the  ability  of 
enzalutamide  to  inhibit  androgen-dependent  expression 
of  PSA  and  TMPRSS2  (Figure  3A  and  Supplementary 
Figure  2).  Collectively,  these  results  suggest  that  AR-Vs 
could  facilitate  the  nuclear  localization  of  AR-FL  in  the 
presence  of  enzalutamide,  but  are  unable  to  overcome  the 
suppression  of  ligand- activated  AR-FL  transactivation  by 
enzalutamide. 

AR-V  mitigates  androgen  and  enzalutamide 
modulation  of  cell  growth 

We  proceeded  to  characterize  the  effect  of  AR-V7 
knockdown  on  androgen  and  enzalutamide  modulation 
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Figure  2:  AR-V7  and  AR-FL  co-occupy  the  PSA,  but  not  UBE2C,  promoter  in  a  mutually  dependent  manner.  A. 

Sequential  ChIP  analysis  in  22Rvl  cells  with  an  AR-V7  antibody  followed  by  an  AR-FL  antibody  showing  co-occupancy  of  the  PSA,  but 
not  UBE2C,  promoter  by  AR-V7  and  AR-FL.  Enzalutamide  (Enz),  10  pM.  DHT,  1  nM.  B.  AR-V7  ChIP  analysis  in  22Rvl  cells  showing 
AR-V7  binding  to  the  UBE2C  promoter.  C.  AR-V7  ChIP  analysis  in  22Rvl  cells  showing  AR-FL  knockdown  diminishes  AR-V7  binding 
to  the  PSA  promoter.  D.  AR-FL  ChIP  analysis  in  22Rvl  cells  showing  AR-V7  knockdown  reduces  AR-FL  binding  to  the  PSA  promoter. 
The  values  of  the  IgG  samples  are  set  as  1,  and  the  ChIP  results  are  presented  as  relative  fold  of  IgG.  *,  P  <  0.05.  Western  blots  showed 
the  knockdown  efficacy  of  AR-FL  and  AR-V7. 
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of  the  growth  of  22Rvl  cells.  Congruent  with  the  mRNA 
data,  after  AR-V7  knockdown,  the  cells  became  more 
sensitive  to  DHT  induction  of  growth  (Figure  4 A;  ~2-fold 
in  AR-V7-knockdown  cells  vs.  1.3-fold  in  control  cells). 
Consequently,  the  knockdown  cells  were  more  responsive 
to  enzalutamide  growth  inhibition  than  the  control  cells. 
We  next  inoculated  AR-V7-knockdown  cells  or  control 
cells  in  nude  mice,  and  characterized  the  response  of  the 
ensuing  tumors  to  enzalutamide.  As  shown  in  Figure  4B, 
growth  inhibition  by  enzalutamide  was  more  pronounced 
after  AR-V7  knockdown  (the  tumor  growth  curves  are 
presented  in  Supplementary  Figure  3).  Collectively,  the 
data  suggest  that  AR-V  may  contribute  to  enzalutamide 
resistance  by  dampening  the  response  of  the  cells  to 
androgen  induction  of  growth. 

Increased  AR-Vs  in  tumors  that  had  developed 
acquired  resistance  to  enzalutamide 

Enzalutamide  has  been  demonstrated  to  be  very 
effective  against  the  growth  of  castration-resistant  AR- 
FL-overexpressing  LNCaP  xenografts  [22].  As  shown 
in  Figure  5 A,  we  observed  the  same  phenomenon  in 
xenografts  established  by  inoculating  LNCaP  cells 


that  were  transduced  with  wild-type-AR-FL-encoding 
lenti virus  into  castrated  nude  mice.  Some  tumors 
resumed  growth  with  prolonged  treatment  (after  7-17 
weeks)  (Figure  5B).  We  serially  passaged  the  relapsed 
Tumor  #1  and  #2  (Figure  5B)  in  castrated  mice  treated 
with  enzalutamide,  and  considered  tumors  from  the 
second  to  fourth  passages  as  enzalutamide  resistant. 
RNA-seq  analysis  of  four  enzalutamide-sensitive  tumors 
and  six  enzalutamide-resistant  tumors  showed  that  none 
of  the  tumors  carried  the  AR  F876L  missense  mutation 
(Figure  5C),  which  was  identified  in  enzalutamide- 
resistant  LNCaP  cells  and  shown  to  confer  agonist 
activity  to  enzalutamide  [24-26].  Instead,  the  transcripts 
of  ARv567es  and  AR-V7  (trending  toward  significance) 
were  upregulated  in  enzalutamide-resistant  tumors, 
while  the  levels  of  AR-V4  or  AR-FL  transcript  did  not 
differ  (Figure  6A-D).  The  upregulation  of  AR-V  was  also 
reflected  at  the  protein  level  (Figure  6E).  Interestingly, 
all  the  enzalutamide-resistant  tumors  that  showed  higher 
AR-V  protein  expression  also  express  increased  levels 
of  glucocorticoid  receptor  (Supplementary  Figure  4),  the 
upregulation  of  which  has  been  shown  to  be  a  mechanism 
of  acquired  resistance  to  enzalutamide  [27].  The  data 
indicate  that  these  tumors  may  use  multiple  mechanisms 
to  evade  enzalutamide  treatment. 
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Figure  3:  AR-V  attenuates  androgen  and  enzalutamide  modulation  of  AR-target  expression.  A.  qRT-PCR  analysis  showing 
reduced  androgen-independent  expression  of  PSA  and  TMPRSS2  after  knockdown  of  either  AR-FL  or  AR-V7  (left  panel)  and  reduced 
expression  of  CCNA2  and  UBE2C  only  after  AR-V7  knockdown  (right  panel).  AR-V7  knockdown  also  renders  22Rvl  cells  more  sensitive 
to  DHT  and  enzalutamide  modulation  of  PSA  and  TMPRSS2  expression.  B.  qRT-PCR  analysis  showing  that  AR-V  transfection  dose- 
dependently  attenuates  DHT  induction  of  PSA  and  TMPRSS2  in  LNCaP  cells.  Treatment  duration,  8  hr  (A);  4  hr  (B).  Enzalutamide  (Enz), 
10  pM.  DHT,  1  nM.  *,  P  <  0.05.  #,  P  <  0.05  from  untreated  control-shRNA  cells. 
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Figure  4:  AR-V  attenuates  androgen  and  enzalutamide  modulation  of  cell  growth.  A.  AR-V7  knockdown  enhances  the 
response  of  22Rvl  cells  to  androgen  and  enzalutamide  modulation  of  cell  growth.  B.  Enzalutamide  inhibition  of  22Rvl  tumor  growth 
becomes  more  pronounced  after  AR-V7  knockdown.  Data  are  expressed  as  %  of  inhibition  by  enzalutamide.  *,  P  <  0.05.  Enzalutamide 
(Enz),  10  mg/kg/day.  n  =  8. 
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Figure  5:  Absence  of  AR  F876L  mutation  in  LNCaP  tumors  that  have  developed  acquired  resistance  to  enzalutamide. 

A.  Enzalutamide  (Enz)  inhibits  the  growth  of  castration-resistant  LNCaP  tumors  initially.  LNCaP  cells  were  transduced  with  lentivirus 
encoding  wild-type  (wt)  AR-FL  before  inoculated  into  castrated  mice.  *,  P  <  0.05  from  the  control  group,  n  =  5.  B.  LNCaP  tumors 
resume  growth  after  7-17  weeks  of  enzalutamide  treatment.  The  mean  tumor  volumes  were  presented  as  %  of  original  tumor  size  at  Day 
0  of  treatment.  C.  Integrative  Genomics  Viewer  (IGV)  plot  of  RNA-seq  data  showing  no  detection  of  F876L  mutation  in  the  AR  gene  in 
enzalutamide- sensitive  and  -resistant  LNCaP  tumors.  The  brown  boxes  represent  the  relative  frequencies  of  T877A-mutated  AR  that  is 
present  in  the  LNCaP  tumors.  The  relative  frequencies  of  the  transduced  wt  AR  remained  in  the  tumors  are  denoted  by  the  green  boxes  and 
tabled  on  the  right.  Allele  frequency  threshold  was  set  at  0.01. 
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DISCUSSION 

To  date,  the  ability  of  AR-Vs  to  contribute  to 
castration  resistance  has  been  attributed  largely  to  their 
AR-FL-independent  constitutive  activity  in  regulating 
gene  expression.  Here,  we  identified  what  we  believe 
to  be  a  novel  mechanism  of  AR-V  action.  We  showed 
that  AR-V7  and  ARv567es,  two  major  AR-Vs,  not  only 
facilitate  AR-FL  nuclear  localization  in  the  absence  of 
androgen  but  also  mitigate  the  ability  of  the  antiandrogen 
enzalutamide  to  inhibit  androgen- induced  AR-FL  nuclear 
localization.  In  the  nucleus,  AR-V7  binds  to  the  promoter 
of  its  specific  target  without  AR-FL,  but  co-occupies 
the  promoter  of  canonical  androgen-responsive  gene 
with  AR-FL  in  a  mutually-dependent  manner.  The  co¬ 
occupancy  is  not  affected  by  androgen  or  enzalutamide. 
Concordantly,  knockdown  of  AR-FL  and  AR-V7  both 
result  in  reduced  androgen-independent  expression  of 
canonical  androgen-responsive  genes,  but  only  AR- 
V7  knockdown  downregulates  AR-V-specific  targets. 
Notably,  although  basal  levels  of  canonical  androgen- 
responsive  genes  are  diminished  after  AR-V7  knockdown, 
or  elevated  after  AR-V7  or  ARv567es  overexpression,  the 
levels  after  androgen  stimulation  are  unaffected.  Thus, 
AR-Vs  appear  to  repress  the  degree  of  response  of  AR- 
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FL  to  androgen  by  activating  AR-FL  to  induce  target 
expression  in  an  androgen-independent  manner.  This  is 
further  supported  by  the  improved  sensitivity  of  the  cells 
to  androgen  induction  of  cell  growth  and  enzalutamide 
inhibition  of  cell  growth  after  AR-V7  knockdown.  These 
collective  findings  suggest  that,  in  addition  to  AR-FL- 
independent  constitutive  transactivation,  AR-Vs  may  serve 
as  “rheostats”  to  control  the  degree  of  response  of  AR-FL 
to  androgen  and  to  androgen-directed  therapy. 

In  the  present  study,  we  also  showed  that 
enzalutamide  becomes  more  potent  in  thwarting 
the  growth  of  22Rvl  xenograft  tumors  after  AR-V7 
knockdown,  indicating  that  targeting  both  AR-Vs  and 
AR-FL  is  needed  to  achieve  complete  AR  blockade.  While 
corroborating  the  in  vitro  observations  from  Li  et  al.  [8] 
and  Nadiminty  et  al.  [11],  the  data  contrast  the  finding 
from  Watson  et  al  that  ectopic  expression  of  AR-V7  in 
AR-FL-overexpressing  LNCaP  xenograft  tumors  does 
not  affect  the  growth  inhibitory  efficacy  of  enzalutamide 
[20].  A  plausible  explanation  for  the  discrepancy  is  that,  in 
the  context  of  AR  overexpression,  the  growth  of  LNCaP 
tumors  may  be  driven  mainly  by  the  AR-FL  signaling, 
making  enzalutamide  highly  effective  irrespective  of 
AR-V  expression.  Nonetheless,  we  showed  that,  when  the 
ectopically-expressed  AR-FL  is  lost  in  these  tumors,  they 
can  become  resistant  to  enzalutamide.  The  resistance  is 
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Figure  6:  Increased  AR-V  expression  in  LNCaP  tumors  that  have  developed  acquired  resistance  to  enzalutamide. 

A-D.  qRT-PCR  analysis  of  the  levels  of  AR-V  transcripts.  Fold  changes  are  calculated  from  the  difference  in  mean  ACX  between  the 
enzalutamide-sensitive  and  enzalutamide-resistant  groups  (2AACT).  E.  Western  blot  analysis  of  the  levels  of  AR-FL  and  AR-V  proteins. 
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accompanied  by  increased  expression  of  ARv567es.  Thus, 
these  tumors  may  also  evade  enzalutamide  treatment 
through  shifting  towards  AR-V-mediated  signaling. 

The  significance  of  our  finding  that  AR- Vs  activate 
AR-FL  to  induce  target-gene  expression  in  an  androgen- 
independent  manner  is  based  on  the  premise  that  AR-Vs 
and  AR-FL  are  often  co-expressed  in  biological  contexts. 
This  is  supported  by  overlapping  AR-FL  and  AR-V7 
immunohistochemistry  staining  of  adjacent  sections 
of  CRPC  specimens  [7].  This  is  also  supported  by  the 
finding  that  androgen  deprivation  coordinately  increases 
AR-FL  and  AR-V  mRNAs  by  inducing  the  transcription 
of  the  AR  gene  and  thereby  increasing  the  recruitment  of 
splicing  factors  to  AR  pre-mRNA  to  splice  both  AR-FL 
and  AR-V  mRNAs  [9].  AR-V  expression  may  also  be  a 
result  of  AR  gene  rearrangements  [28,29],  and  gene- 
arrangement-caused  AR-V  production  appears  to  occur  at 
the  expense  of  AR-FL  [29].  However,  a  clonal  selection 
process  is  required  for  gene-rearrangement-mediated 
AR-V  production  to  be  manifested  at  the  level  of  tumor 
tissues.  This  appears  to  be  in  contrast  to  the  rather  rapid 
change  of  AR-V  levels  observed  in  xenograft  tumors 
after  androgen  ablation  or  androgen  replacement  [15,20]. 
Further,  different  AR-Vs  can  be  expressed  in  the  same 
tissues.  Clonal  expansion  of  cells  with  one  type  of  gene 
arrangement  could  lead  to  expression  of  one  specific 
AR-V  but  may  not  be  able  to  account  for  the  expression  of 
different  AR-Vs.  Finally,  our  data  showing  co-occupancy 
of  AR-V7  and  AR-FL  on  the  PSA  promoter  in  a  mutually- 
dependent  manner  and  increased  response  of  AR-FL 
to  androgen  after  AR-V7  knockdown  provided  further 
support  to  the  co-expression  of  AR-FL  and  AR-V  in  the 
same  cells.  Thus,  the  ability  of  AR-Vs  to  activate  AR-FL 
in  an  androgen-independent  manner  could  be  as  important 
as  their  AR-FL-independent  /raws-activating  activity  in 
mediating  castration  resistance. 

Our  finding  of  AR-V  and  AR-FL  co-regulating 
the  expression  of  canonical  androgen-responsive  genes 
in  androgen-deprived  condition  is  reminiscent  of  the 
transcriptome  data  from  Hu  et  al.  that  knockout  of  AR- 
FL  in  AR-V-transfected  LNCaP  cells  almost  completely 
abolishes  the  expression  of  at  least  a  subset  of  canonical 
androgen-responsive  genes  [7].  In  addition  to  regulating 
canonical  androgen-responsive  genes,  AR-Vs  have  also 
been  shown  to  regulate  a  distinct  set  of  targets  enriched  for 
cell-cycle  function  [6,7,13].  This  is  further  corroborated 
by  our  ChIP  data  showing  the  promoter  of  UBE2C  is 
bound  by  AR-V7  but  not  AR-FL.  Receptor  dimerization 
is  a  crucial  step  of  AR-FL  activation  [30].  ARv567es  has 
been  shown  to  co-immunoprecipitate  with  AR-FL  [15]. 
Here,  we  showed  that  AR-V7  and  AR-FL  co-reside  on 
the  promoter  of  their  shared  target.  AR-V7  and  ARv567es 
can  localize  constitutively  to  the  nucleus,  and  facilitate 
AR-FL  nuclear  localization  in  the  absence  of  androgen. 
It  is  therefore  possible  that  AR-V7  and  ARv567es  dimerize 
with  AR-FL  in  the  cytoplasm  in  an  androgen-independent 


manner,  and  the  heterodimer  translocates  to  the  nucleus 
and  binds  to  regulatory  elements  of  their  shared  targets 
to  regulate  the  transcription  of  these  targets.  It  remains 
unknown  as  to  whether  dimerization  is  required  for  AR-Vs 
to  regulate  their  specific  targets.  Future  studies  are  needed 
to  define  the  dimeric  nature  of  AR-Vs  in  regulating  gene 
expression. 

In  summary,  our  study  provides  further  evidence  to 
support  AR-V  upregulation  as  a  means  for  prostate  cancer 
cells  to  evade  all  androgen-directed  therapies  currently 
accepted  in  the  clinic.  Mechanistically,  we  identified  a 
novel  mechanism  by  which  AR-Vs  mediate  castration- 
resistant  progression.  We  showed  that  AR-Vs  can  activate 
AR-FL  to  induce  target  expression  in  an  androgen- 
independent  manner.  By  doing  so,  AR-Vs  may  serve  as 
“rheostats”  to  control  the  degree  of  response  of  AR-FL  to 
androgen  and  to  androgen-directed  therapy.  Since  AR-Vs 
are  often  co-expressed  with  AR-FL  in  biological  contexts, 
this  mechanism  of  AR-V  action  may  be  equally  important 
as  its  AR-FL-independent  activity  to  castration  resistance. 
These  findings  underscore  a  critical  need  to  develop 
effective  means  to  target  both  AR-Vs  and  AR-FL  to 
achieve  complete  AR  blockade  for  more  effective  combat 
of  these  clinically  challenging  tumors.  Several  natural  or 
synthetic  compounds  have  been  shown  pre-clinically  to 
inhibit  AR-V  and  AR-FL  actions  [17,21,31-35].  Proof  of 
efficacy  in  clinical  trials  is  keenly  awaited. 

METHODS 


Cell  Lines  and  Reagents 

LNCaP,  22Rvl,  COS-7,  and  PC-3  cells  were 
obtained  from  American  Type  Culture  Collection  at 
Passage  4.  Cells  used  in  this  study  were  within  20 
passages  (-3  months  of  non-continuous  culturing).  All  cell 
lines  were  tested  and  authenticated  by  the  method  of  short 
tandem  repeat  profiling.  Enzalutamide  was  purchased 
from  Selleck  Chemicals  (Houston,  TX),  and  the  purity  of 
>99%  was  confirmed  by  Nuclear  Magnetic  Resonance. 
The  following  antibodies  were  used  in  Western  blot 
analysis:  anti-glyceraldehyde-3 -phosphate  dehydrogenase 
(GAPDH,  Millipore),  anti-AR  (N-terminus-directed;  PG- 
21,  Millipore),  and  anti-AR-V7  (Precision  Antibody). 
Cell  growth  was  determined  by  the  Sulforhodamine  assay. 

Subcellular  Localization 

AR  subcellular  localization  is  detected  by  confocal 
fluorescence  microscopy.  The  pTurboFP-AR-V7  and 
pTurboFP-ARv567es  plasmids  were  generated  by  cloning  the 
cDNA  fragments  for  AR-V7  andARv567es,  respectively,  into 
the  pCMV-TurboFP635  vector.  COS-7  or  PC-3  cells  were 
transfected  with  indicated  plasmids  and  cultured  in  phenol 
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red- free  RPMI-1640  supplemented  with  10%  charcoal- 
stripped  fetal  bovine  serum.  At  40  hr  after  transfection, 
cells  were  pre-treated  with  or  without  10  pM  enzalutamide 
for  2  hr,  followed  by  treatment  with  or  without  1  nM 
R1881  for  3  hr.  The  COS-7  cells  were  then  fixed  with 
2%  paraformaldehyde,  and  the  nuclei  stained  with  2.5 
pM  DRAQ5  (Cell  Signaling).  The  PC-3  cells  were  then 
fixed  with  70%  ethanol,  and  the  nuclei  stained  with  DAPI. 
Confocal  images  were  obtained  by  using  a  Leica  TCS  SP2 
system  with  a  63X  oil-immersion  objective  on  a  Z-stage, 
and  an  average  of  6  fields  with  -10  cells  per  field  was 
captured  for  each  group.  Data  quantitation  was  performed 
as  described  [18]. 

qRT-PCR 

qRT-PCR  was  performed  as  described  [36].  The 
qPCR  primer-probe  sets  for  PSA,  transmembrane  protease, 
serine  2  (TMPRSS2),  cyclin  A2  (CCNA2),  and  UBE2C 
were  from  IDT.  The  primer  sequences  for  AR  isoforms 
were  as  described  [13]. 

ChIP  and  Re-ChIP 

ChIP  and  Re-ChIP  were  performed  as  described 
[37].  The  following  antibodies  were  used:  mouse  IgG2a 
(abl8413,  abeam),  rabbit  IgG  (ab46540,  abeam),  AR-FL- 
specific  antibody  (C-terminus-directed;  C-19,  sc-815  x, 
Santa  Cruz  Biotech),  AR-V7-specific  antibody  (AG10008, 
Precision  Antibody).  The  PSA  promoter  P2-ARE  primers 
described  by  Guo  et  al.  [13]  and  the  UBE2C  promoter 
primers  described  by  Wang  et  al.  [38]  were  used  for  qPCR 
analysis  of  ChIP  or  re-ChIP  DNA.  The  RPL30  exon  3 
control  region  (Cell  Signaling)  was  used  as  a  negative 
control. 

Tumor  Xenografts 

Xenograft  studies  were  conducted  essentially  as 
described  [22,32].  LNCaP  cells  (4x1 06)  infected  with 
lenti virus  encoding  AR-FL  or  22Rvl  cells  infected  with 
lenti virus  encoding  control  shRNA  or  AR-V7  shRNA 
were  inoculated  into  castrated  or  intact  nude  mice  (Charles 
River),  respectively.  The  cells  were  mixed  with  50% 
Matrigel  and  inoculated  subcutaneously  on  the  right  dorsal 
flank.  Tumor  volume  was  calculated  as  0. 524  x  width2  x 
length  [39].  When  the  tumor  size  reached  -100  mm3,  the 
mice  were  randomized  to  daily  treatment  with  vehicle 
or  10  mg/kg/day  enzalutamide  through  oral  gavage  as 
described  [22]. 

For  the  development  of  enzalutamide-resistant 
tumors,  two  LNCaP  tumors  that  relapsed  after 
enzalutamide  treatment  were  resected,  and  -20  mm3  pieces 
of  the  tumors  were  transplanted  into  castrated  nude  mice. 


When  the  tumor  bits  grew  to  100-200  mm3,  the  mice 
started  to  receive  10  mg/kg/day  enzalutamide  through 
oral  gavage.  The  tumors  were  harvested  when  they 
reached  -800  mm3  and  serially  passaged  in  castrated  nude 
mice  following  the  same  protocol.  The  second  to  fourth 
passages  of  tumors  were  considered  as  enzalutamide- 
resistant.  All  animal  procedures  were  approved  by  the 
Tulane  University  Institutional  Animal  Care  and  Use 
Committee. 

Statistical  Analysis 

The  Student  s  two-tailed  t  test  was  used  to  determine 
the  mean  differences  between  two  groups.  P  <  0.05  is 
considered  significant.  Data  are  presented  as  mean  ±  SEM. 
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ABSTRACT 

Docetaxel-based  chemotherapy  is  established  as  a  first-line  treatment  and 
standard  of  care  for  patients  with  metastatic  castration-resistant  prostate  cancer. 
However,  half  of  the  patients  do  not  respond  to  treatment  and  those  do  respond 
eventually  become  refractory.  A  better  understanding  of  the  resistance  mechanisms  to 
taxane  chemotherapy  is  both  urgent  and  clinical  significant,  as  taxanes  (docetaxel  and 
cabazitaxel)  are  being  used  in  various  clinical  settings.  Sustained  signaling  through 
the  androgen  receptor  (AR)  has  been  established  as  a  hallmark  of  CRPC.  Recently, 
splicing  variants  of  AR  (AR-Vs)  that  lack  the  ligand-binding  domain  (LBD)  have  been 
identified.  These  variants  are  constitutively  active  and  drive  prostate  cancer  growth  in 
a  castration-resistant  manner.  In  taxane-resistant  cell  lines,  we  found  the  expression 
of  a  major  variant,  AR-V7,  was  upregulated.  Furthermore,  ectopic  expression  of  two 
clinically  relevant  AR-Vs  (AR-V7  and  ARV567es),  but  not  the  full-length  AR  (AR-FL), 
reduced  the  sensitivities  to  taxanes  in  LNCaP  cells.  Treatment  with  taxanes  inhibited 
the  transcriptional  activity  of  AR-FL,  but  not  those  of  AR-Vs.  This  could  be  explained, 
at  least  in  part,  due  to  the  inability  of  taxanes  to  block  the  nuclear  translocation 
of  AR-Vs.  Through  a  series  of  deletion  constructs,  the  microtubule-binding  activity 
was  mapped  to  the  LBD  of  AR.  Finally,  taxane-induced  cytoplasm  sequestration  of 
AR-FL  was  alleviated  when  AR-Vs  were  present.  These  findings  provide  evidence  that 
constitutively  active  AR-Vs  maintain  the  AR  signaling  axis  by  evading  the  inhibitory 
effects  of  microtubule-targeting  agents,  suggesting  that  these  AR-Vs  play  a  role  in 
resistance  to  taxane  chemotherapy. 

INTRODUCTION 

Prostate  cancer  is  the  most  common  non-skin  cancer 
and  the  second  leading  cause  of  cancer  mortality  in  men 
in  the  United  States.  Androgen  deprivation  therapy,  which 
disrupts  androgen  receptor  (AR)  signaling  by  reducing 
androgen  levels  through  surgical  or  chemical  castration, 
or  by  administration  of  anti-androgens  that  compete  with 


androgens  for  binding  to  AR  [1],  is  the  first-line  treatment 
for  metastatic  and  locally  advanced  prostate  cancer. 
While  this  regimen  is  effective  initially,  progression  to  the 
presently  incurable  and  lethal  stage,  termed  castration- 
resistant  prostate  cancer  (CRPC),  invariably  occurs.  In 
2004,  docetaxel-based  chemotherapy  is  established  as  a 
first-line  treatment  and  standard  of  care  for  patients  with 
metastatic  CRPC  [2].  However,  about  half  of  the  patients 
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do  not  respond  to  treatment  and  those  do  respond  become 
refractory  within  one  year.  Several  new  treatments, 
including  the  new  taxane  cabazitaxel  [3],  the  CYP17A1 
inhibitor  abiraterone  [4],  and  the  potent  antiandrogen 
enzalutamide  [5],  have  received  FDA  approval  as 
second-line  treatments  for  metastatic  CRPC  in  recent 
years.  However,  the  survival  benefits  are  relatively  small 
(<  =  5  months)  and  patients  eventually  become  refractory 
to  treatments.  Therefore,  breakthroughs  in  the  treatment 
of  prostate  cancer  hinge  upon  better  understandings  of  the 
mechanisms  of  therapeutic  resistance  of  CRPC. 

Paclitaxel,  docetaxel,  and  cabazitaxel  belong  to 
the  taxane  family  of  chemotherapeutic  agents.  Taxanes 
bind  to  the  microtubules  and  prevent  their  disassembly, 
thereby  suppressing  microtubule  dynamics,  leading  to 
mitotic  arrest  and  apoptosis  [6].  This  was  believed  to  be 
the  mechanism  of  action  of  taxanes  in  prostate  cancer 
until  recently  when  it  was  demonstrated  by  several  groups 
that  taxanes  in  fact  inhibit  the  AR  signaling  pathway  in 
prostate  cancer.  Taxanes  have  been  shown  to  block  the 
nuclear  translocation  of  AR  and  inhibit  the  expression 
of  AR-regulated  genes  [7,  8].  Additionally,  Gan  et  al. 
showed  that  taxanes  inhibit  the  transcriptional  activity 
of  AR  by  inducing  FOXOl,  a  transcriptional  repressor 
of  AR  [9].  It  is  well-established  that  CRPC  cells  remain 
addicted  to  AR  signaling;  therefore,  the  inhibitory  effect 
on  AR,  rather  than  the  antimitotic  activity,  could  possibly 
be  the  predominant  mechanism  of  action  for  taxanes  in 
prostate  cancer. 

Sustained  signaling  through  AR  has  been 
established  as  a  hallmark  of  CRPC.  Recently,  alternative 
splicing  variants  of  AR  (AR-Vs)  that  lack  the  ligand¬ 
binding  domain  (LBD)  have  been  identified  [10-13]. 
These  splice  variants  remain  transcriptionally  active 
in  the  absence  of  androgens  and  drive  prostate  cancer 
growth  in  a  castration-resistant  manner.  In  addition, 
these  variants  are  reported  to  be  prevalently  upregulated 
in  CRPC  compared  to  hormone-naive  prostate  cancer 
[10-13].  AR-Vs  can  regulate  the  expression  of  canonical 
androgen-responsive  genes,  as  well  as  a  unique  set  of 
target  genes  [12,  14].  In  a  significant  portion  of  metastatic 
CRPC  tissues,  the  variants  proteins  are  expressed  at  a 
level  comparable  to  that  of  the  canonical,  full-length  AR 
(AR-FL)  [15,  16].  Patients  with  high  expression  of  two 
major  AR-Vs,  AR-V7  (also  known  as  AR3)  and  ARv567es, 
have  shorter  cancer- specific  survival  than  other  CRPC 
patients  [15].  In  addition,  recent  studies  have  provided 
strong  support  for  a  critical  role  of  these  AR-Vs  in 
resistance  to  hormonal  therapies,  including  enzalutamide 
and  abiraterone  [17-20]. 

Recently,  laboratory  and  clinical  studies  have 
suggested  the  existence  of  a  cross-resistance  mechanism 
between  taxane-based  chemotherapy  and  second-line 
hormonal  therapies  [21-25].  In  this  study,  we  set  out 
to  test  the  potential  roles  of  AR-Vs  in  modulating  the 
response  to  taxane-based  chemotherapy. 


RESULTS 

Taxane-resistant  prostate  cancer  cell  lines 
express  higher  levels  of  AR-V7 

We  first  established  taxane-resistant  22Rvl  and 
LNCaP95  lines  by  culturing  cells  in  escalating  doses  of 
paclitaxel  and  docetaxel  over  a  period  of  2  months.  The 
response  to  taxanes  were  determined  by  the  MTT  assay 
(Fig.  1,  A-C).  Western  blotting  analyses  showed  that  the 
expression  of  AR-FL  was  reduced,  whereas  the  expression 
of  AR-V7  was  robustly  induced,  in  the  22Rvl  resistant 
lines  in  comparison  with  the  passage-matched  parental  line 
(Fig.  ID).  A  similar,  albeit  less  pronounced,  induction  of 
AR-V7  was  observed  in  the  LNCaP95  docetaxel-resistant 
line  (Fig.  IE).  These  results  suggest  that  the  constitutive 
active  AR-V7  was  selectively  up -regulated  in  taxane- 
resistant  prostate  cancer  cells. 

Expression  of  constitutively  active  AR-Vs 
impairs  the  cytotoxicity  of  taxanes 

To  directly  test  the  roles  of  constitutively  active 
AR-Vs  in  resistance  to  taxanes,  we  transfected  AR-V7 
and  ARv567es  into  the  AR-V-null  LNCaP  cells,  and  measured 
the  responses  to  taxanes.  As  shown  in  Fig.  2 A,  cell 
viability  after  docetaxel  treatment  was  markedly  higher 
in  cells  expressing  AR-V7  or  ARv567es,  but  not  in  those 
overexpressing  AR-FL,  than  in  vector-transfected  cells. 
Similar  observations  were  made  with  paclitaxel  and 
cabazitaxel  (Supplementary  Figure  SI).  In  LNCaP95 
cells,  when  the  expression  of  AR-V7  was  silenced  by 
a  V7-specific  shRNA,  cells  became  more  sensitive  to 
docetaxal  and  cabazitaxel  (Fig.  2B).  Taken  together,  these 
results  suggest  the  expression  of  constitutively  active 
AR-Vs  negatively  impacts  the  efficacies  of  taxanes  in 
prostate  cancer  cells. 

Transcriptional  activities  of  the  constitutively 
active  AR-Vs  are  refractory  to  the  taxanes 

To  understand  the  difference  between  AR-V7/ARv567es 
and  the  AR-FL  in  cytoprotection  against  the  taxanes, 
we  investigated  the  influence  of  taxane  treatment  on  the 
transactivation  activities  of  these  AR  isoforms.  COS-7, 
which  does  not  express  any  AR  proteins,  was  chosen  in 
this  experiment  to  avoid  interference  from  the  endogenous 
AR.  As  shown  in  Fig.  3,  treatment  with  docetaxel  or 
paclitaxel  dose-dependently  inhibited  the  ligand-dependent 
transcriptional  activity  of  AR-FL,  but  neither  drug  was  able 
to  inhibit  the  constitutive  activities  of  AR-V7  and  ARv567es. 
This  disparity  can’t  be  attributed  to  the  down-regulation  of 
AR-FL  expression,  as  all  AR  proteins  were  not  affected  by 
the  treatments  (Supplementary  Figure  S2).  These  results 
suggest  that  the  transcriptional  activities  of  the  AR  variants 
are  refractory  to  the  inhibitory  effects  of  taxanes. 
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Figure  1:  Upregulation  of  AR-V7  in  taxane-resistant  prostate  cancer  cells.  A.  and  B.  22Rvl  with  acquired  resistance  to  taxanes 
were  established  by  culturing  in  escalating  doses  of  docetaxel  (DTX)  or  paclitaxel  (PTX).  MTT  assays  were  performed  in  passage-matched 
22Rvl  or  22Rvl  resistant  cells  to  determine  the  responses  to  taxanes.  C.  The  response  of  DTX-resistant  LNCaP95  to  docetaxel  treatment. 
D.  and  E.  Western  blotting  using  an  anti-N  terminal  antibody  or  an  AR-V7-specific  antibody  in  22Rvl  (D)  or  LNCaP95  (E)  resistant  cells. 
Rvl/LN95,  passage-matched  parental  line;  DR,  docetaxel-resistant;  PR,  paclitaxel-resistant.  The  P  values  were  determined  by  the  Students 
7-tests,  **  denotes  P  <  0.01.  The  results  presented  are  mean  ±  SEM  from  three  experiments. 
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Figure  2:  Expression  of  constitutively  active  AR-Vs  negatively  impact  the  cytotoxicities  of  taxanes.  A.  LNCaP  cells  were 
transfected  with  vector,  AR-FL,  AR-V7,  or  ARv567es,  and  cell  viability  was  determined  by  the  MTT  assay  after  48  h  of  treatment  with 
docetaxel.  Western  analysis  was  performed  with  an  antibody  recognizes  the  N-terminus  of  AR.  The  P  values  were  determined  by  the 
Students  7-tests.  <  0.05;  **P  <  0.01  vs  vector.  B.  LNCaP95  cells  were  cultured  in  an  androgen-depleted  condition,  and  transfected  with 
a  control  or  an  AR-V7-specific  shRNA.  **P  <  0.01.  CTX,  cabazitaxel.  The  results  presented  are  mean  ±  SEM. 
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Figure  3:  Transcriptional  activities  of  constitutively  active  AR-Vs  are  refractory  to  taxane  treatment.  COS-7  cells  were 
transfected  with  the  ARR3-luc  reporter  plasmid  along  with  a  plasmid  encoding  AR-FL,  AR-V7,  or  ARv567es.  The  luciferase  reporter  assay 
was  performed  after  24  h  treatment.  The  P  values  were  determined  by  the  Students  t- tests.  **P  <  0.01  vs  untreated.  Doses:  DTX,  1  and 
2.5  nM;  PTX,  2.5  and  5  nM.  The  results  presented  are  mean  ±  SEM  from  three  experiments. 


Nuclear  imports  of  constitutively  active  AR-Vs 
are  microtubule-independent 

Next,  we  investigated  the  influence  of  the  taxanes 
on  nuclear  translocation  of  AR-V7  and  ARv567es,  as  these 
agents  have  been  shown  to  block  that  of  AR-FL  [7,  8]. 
Enhanced  green  fluorescent  protein  (EGFP)-tagged 
AR-FL  and  AR-V7  were  expressed  in  COS-7  cells  and 
the  localization  of  the  fusion  proteins  was  analyzed 
by  fluorescence  microscopy.  Unlike  EGFP-AR-FL, 
which  required  androgen  stimulation  for  nuclear  import, 
EGFP-AR-V7  spontaneously  translocated  to  the  nucleus 
(Supplementary  Figure  S3).  When  docetaxel  and  paclitaxel 
were  added  to  the  culture  medium  following  androgen 
stimulation,  accumulation  of  AR-FL  in  the  cytoplasm 
was  observed  after  24  h  of  treatment  (Supplementary 
Figure  S3).  However,  treatment  with  the  taxanes  had  no 
effect  on  the  subcellular  distribution  of  AR-V7. 

To  validate  the  results  above,  we  performed 
fluorescence  recovery  after  photobleaching  (FRAP) 
assays  in  COS-7  cells  expressing  fluorescence-tagged  AR 
proteins.  Following  treatment  with  docetaxel,  selected 
nuclei  were  photobleached  and  the  cells  were  imaged 
at  regular  intervals.  Nuclear  translocation  is  indicated 
by  recovery  of  the  nuclear  to  cytoplasmic  fluorescence 
ratio  (Fn/c).  As  indicated  by  the  confocal  images  (Fig. 
4A)  and  the  fractional  recovery  plots  (Fig.  4B),  nuclear 
import  of  AR-FL  was  greatly  deterred  by  docetaxel.  In 
contrast,  the  nuclear  translocations  of  AR-V7  and  ARv567es 
were  not  affected  by  docetaxel,  evidenced  by  similar  Fn/c 
recovery  curves  in  control  and  treated  cells  (Fig.  4B).  To 
substantiate  these  findings,  we  performed  FRAP  assays 
with  additional  microtubule  inhibitors.  KX-01  is  a  novel 


peptidomimetic  inhibitor  of  Src  family  of  kinases,  but 
also  inhibits  tubulin  polymerization  [26],  and  nocodazole 
causes  microtubule  disassembly  [27].  Once  again,  these 
drugs  inhibited  the  nuclear  import  of  AR-FL,  but  not  that 
of  AR-V7  or  ARv567es  (Fig.  4B).  Collectively,  these  results 
suggest  the  nuclear  translocation  of  AR-V7  or  ARv567es  are 
not  mediated  by  the  microtubules. 

AR  associates  with  the  microtubules  through 
the  LED 

Proteins  that  use  the  microtubule  pathway  for 
nuclear  import  are  known  to  bind  to  the  microtubules 
[28,  29].  To  test  whether  AR  binds  to  the  microtubules,  we 
conducted  in  vivo  microtubule-binding  assays  in  COS-7 
cells  ectopically  expressing  AR.  Under  the  condition  in 
which  the  microtubules  were  stabilized,  the  majority  of 
AR-FL  co-precipitated  with  the  microtubules  and  was 
found  in  the  pellet  (Fig.  5).  Importin  p  was  used  as  a 
negative  control  as  previously  described  [29],  and  p53, 
which  is  known  to  be  a  microtubule-binding  protein  [30], 
was  used  as  the  positive  control.  The  microtubule-binding 
activity  was  quantitated  by  the  pellet  to  supernatant 
(P/S)  ratio  [29].  In  contrast,  when  nocodazole,  CaCl2,  or 
low  temperature  was  employed  to  disrupt  microtubule 
integrity,  AR-FL  shifted  from  the  pellet  to  the  supernatant, 
leading  to  marked  decreases  of  the  P/S  ratios.  These  results 
suggest  the  AR-FL  is  a  microtubule-associated  protein. 

To  map  the  region  responsible  for  microtubule¬ 
binding  on  AR,  we  generated  a  series  of  deletion 
constructs  encompassing  different  domains  of  AR 
(Fig.  6,  left  panel).  These  constructs  were  analyzed 
by  the  microtubule  binding  assay.  As  shown  in 
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Figure  4:  Nuclear  imports  of  constitutively  active  AR-Vs  are  microtubule-independent.  FRAP  assays  were  performed  in 
COS-7  cells  expressing  different  fluorescence-tagged  AR  proteins.  Cells  transfected  with  EGFP-AR-FL  were  cultured  in  the  presence  of 
androgen.  Cells  were  treated  with  20  nM  docetaxel  for  2  h  before  photobleaching.  A.  Confocal  images  taken  at  different  intervals  after 
photobleaching  of  the  nuclei.  White  and  yellow  arrows  indicate  the  nucleus  and  the  cytoplasm,  respectively.  B.  Recovery  plot  of  the 
nuclear: cytoplamic  fluorescence  ratio  (Fn/c)  over  time  in  cells  treated  with  different  microtubule  inhibitors.  Fn/c  ratios  are  expressed  as 
fractions  of  the  pre -photobleach  Fn/c.  Nocodazole  (NCZ)  was  used  at  5  pg/ml  and  KX-01  was  at  100  nM.  FRAP  images  for  NCZ  and 
KX-01  are  in  Supplementary  Figure  S4. 


Supplementary  Figure  S4A  and  Figure  6  (right  panel), 
all  constructs  lacking  the  LBD  have  poor  microtubule¬ 
binding  activities.  In  contrast,  those  retaining  the 
LBD  have  similar  binding  activities  as  that  of  AR-FL 
(Supplementary  Figure  S4B  and  Figure  6).  These  results 
indicate  that  microtubule  association  is  mediated  by  the 
LBD.  Consistent  with  this  finding,  we  found  that  the 
LBD-truncated  AR-V7  and  ARv567es  both  bind  poorly  to 
the  microtubules  (Fig.  7). 

AR-Vs  interfere  with  docetaxel-mediated  AR-FL 
cytoplasmic  retention 

It  has  been  previously  shown  that  both  AR-V7  and 
ARv567es  facilitate  AR-FL  nuclear  translocation  in  the 
absence  of  androgen  [13,  19].  To  investigate  whether 
AR-Vs  mitigate  the  inhibitory  effect  of  AR-FL  nuclear 
translocation  by  docetaxel,  we  expressed  EGFP-AR- 
FL  with  or  without  TurboFP635-tagged  AR-V7  or 
ARv567es  in  the  AR-null  COS-7  cells.  When  co-expressed 
with  TurboFP635,  EGFP-AR-FL  was  retained  in  the 
cytoplasm  following  docetaxel  treatment  (Fig.  8A). 
However,  in  the  presence  of  AR-V7-TurboFP635  or 


ARv567es_Xurb0FP635,  the  inhibitory  effect  of  docetaxel 
was  significantly  attenuated  (Fig.  8 A  &  8B). 

To  further  understand  how  AR-Vs  circumvent 
docetaxel-mediated  cytoplasmic  sequestration  of  AR-FL, 
we  conducted  the  microtubule-binding  assay  in  COS-7 
cells  co-transfected  with  AR-FL  and  an  AR-V.  As  shown 
in  Fig.  8C,  the  binding  of  AR-FL  to  the  microtubules  was 
markedly  reduced  when  it  was  co-expressed  with  AR-V7 
or  ARv567es.  Taken  together,  these  results  suggest  that  the 
constitutively  active  AR-V7  or  ARv567es  could  divert  AR 
away  from  the  microtubules,  and  facilitate  its  nuclear 
translocation  in  a  microtubule-independent  manner. 

Nuclear  import  of  AR-Vs  is  blocked  by  an 
importin  p  inhibitor 

As  an  initial  attempt  to  elucidate  the  nuclear 
translocation  mechanisms  of  AR-V7  and  ARv567es, 
we  investigated  the  involvement  of  the  importin  a/p 
machinery.  FRAP  assay  was  conducted  in  COS-7 
transfected  with  EGFP-AR-V7  and  treated  with 
importazole,  a  specific  inhibitor  of  importin  p  [31]  .As 
shown  by  Fig.  9 A  &  9B,  treatment  with  importazole 
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Figure  5:  The  full-length  AR  associates  with  the  microtubules.  COS-7  cells  were  transfected  with  an  expression  vector  for 
AR-FL  and  in  vivo  microtubule  binding  assay  was  performed  with  a  commercial  kit  (Cytoskeleton,  BK038).  Nocodazole  (NCZ),  CaCl2,  and 
low  temperature  (cold)  were  used  to  disrupt  microtubule  integrity.  Assembled  microtubules  were  precipitated  by  ultracentrifugation  and  the 
pellet  was  resuspended  and  analyzed  by  Western  blot  (Top).  Importin  p  and  p53  were  used  as  negative  and  positive  controls,  respectively, 
and  histone  H3  was  used  to  detect  nuclear  contamination.  P,  pellet;  W,  wash;  S,  supernatant.  Bottom,  the  microtubule-binding  activities  for 
AR  and  p53  were  quantitated  by  the  P/S  ratios.  The  results  presented  are  mean  ±  SEM  from  three  experiments. 
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Figure  6:  Microtubule-binding  activity  is  mapped  to  the  ligand-binding  domain  of  AR.  Left  panel,  a  series  of  deletion 
constructs  encompassing  different  domains  of  AR  were  generated  and  expressed  in  COS-7  cells.  Right  panel,  the  microtubule-binding 
activities  of  these  constructs  were  analyzed  by  the  in  vivo  microtubule  binding  assay  and  the  Western  blots  (Supplementary  Figure  S5)  were 
quantitated  to  calculate  the  P/S  ratios.  The  results  presented  are  mean  ±  SEM  from  three  experiments.  MT,  microtubule. 


significantly  reduced  the  recovery  of  AR-V7  in  the 
nucleus.  Consistently,  AR-V7  was  found  to  accumu¬ 
late  in  the  cytoplasm  following  importazole  treatment 
(Fig.  9C).  FRAP  assay  showed  a  similar  inhibition  by 


importazole  on  the  nuclear  recovery  of  TurboFP635- 
tagged  ARv567es  (Fig.  9D  &  9E),  suggesting  that  both 
variants  are  imported  to  the  nucleus  by  the  importin  a/p 
machinery. 
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Figure  7:  Poor  microtubule-binding  activities  of  the  AR-Vs.  COS-7  cells  were  transfected  with  an  expression  vector  for  AR-FL, 
AR-V7,  and  ARv567es  and  cultured  in  an  androgen-deprived  condition.  A.  In  vivo  MT-binding  assays.  B.  quantitation  of  the  results  in  A.  The  results 
presented  are  mean  ±  SEM  from  three  experiments.  C.  Western  blot  showing  that  the  proteins  were  expressed  at  similar  levels  after  transfection. 
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Figure  8:  Cytoplasmic  sequestration  of  AR-FL  by  docetaxel  is  attenuated  by  AR-V7  and  ARv567es.  A.  Confocal  fluorescence 
microscopy  of  EGFP-AR-FL  subcellular  localization  when  it  was  expressed  with  TurboFP  or  with  a  TurboFP-tagged  AR-V  in  COS-7  cells. 
B.  Based  on  distribution  of  the  green  fluorescence  signal,  cells  were  categorized  into  cytoplasmic  (N  <  C),  or  nuclear  and  equally  nuclear 
and  cytoplasmic  (N  >  C).%  of  cells  in  each  category  were  quantified.  DRAQ5  was  used  to  stain  the  nuclei.  Cells  cultured  in  an  androgen- 
deprived  condition  were  pre-treated  with  10  nM  docetaxel  for  6  hr,  followed  by  treatment  with  1  nM  R1881  for  4  hr.  **  and  ##  P  <  0.01. 
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Figure  8:  C.  ( Continued)  In  vivo  MT-binding  assay  in  COS-7  cells  expressing  AR-FL  alone,  or  with  AR-V7  or  ARv567es. 


DISCUSSION 

To  date,  docetaxel  and  cabazitaxel  are  the  only 
chemotherapeutic  agents  that  have  been  shown  to  offer 
survival  benefits  for  patients  with  mCRPC.  Even  in 
today’s  rapidly  evolving  landscape  of  treatment  options  for 
mCRPC,  taxane-based  chemotherapy  continues  to  be  an 
important  component  of  the  treatment  regimens.  Recently, 
a  randomized  phase  III  trial  supports  the  expansion  of 
the  indications  of  taxanes  to  earlier  disease  stages.  The 
CHARRTED  trial  demonstrated  that  the  addition  of 
docetaxel  to  ADT  in  patients  with  high- volume,  metastatic, 
hormonal-sensitive  disease  improves  overall  survival  by 
17  months  (49.2  vs  32.2,  P  =  0.0013)  than  ADT  alone  [32]. 
With  taxane  chemotherapy  projected  to  remain  a  mainstay 
in  the  treatment  of  prostate  cancer,  it  is  imperative  to  derive 
a  better  understanding  of  the  mechanisms  underlying  the 
inherent  and  acquired  taxane  resistances,  both  of  which  are 
commonly  observed  in  the  clinic. 

Resistance  to  taxanes  could  be  multifactorial, 
involving  general  mechanisms  of  chemoresistance  as 
well  as  mechanisms  intrinsic  to  prostate  cancer  [33]. 
Existing  literature  focuses  primarily  on  mechanisms 
common  to  many  cancer  types,  including  unfavorable 
tumor  microenvironment,  expression  of  drug  efflux 
proteins,  alterations  in  microtubule  structure  and/ 
or  function,  expression  of  anti-apoptotic  and 
cytoprotective  proteins  [34].  However,  mechanisms 
that  are  specific  to  prostate  cancer  remain  poorly 
understood.  Recent  clinical  observations  provided 
evidence  for  a  cross-resistance  of  CRPC  to  hormonal 
therapy  and  taxane-based  chemotherapy  [21-25], 
suggesting  a  common  culprit  may  underlie  such  a  cross¬ 
resistance  phenotype. 


Our  study  represents  a  step  forward  in  this 
direction.  Herein,  we  present  evidence  that  expression  of 
constitutively  active  AR-Vs,  but  not  over-expression  of 
the  canonical  full-length  receptor,  protects  prostate  cancer 
cells  from  the  cytotoxic  effects  of  taxanes.  We  further 
show  that  taxane  treatment  selectively  inhibits  androgen- 
induced  nuclear  translocation  and  transactivation  activity 
of  AR-FL,  while  exerting  no  such  inhibitory  effects  on 
the  AR-Vs.  These  results  reveal  a  fundamental  difference 
in  the  nuclear  translocation  mechanisms  of  AR-FL  and 
AR-Vs.  AR-FL,  as  shown  by  this  and  other  studies, 
utilizes  a  microtubule-facilitated  pathway  for  nuclear 
translocation.  This  trafficking  mechanism  is  shared  by 
several  nuclear  proteins  including  glucocorticoid  receptor 
(GR),  p53,  Rb,  and  parathyroid  hormone-related  protein 
(PTHrP)  [29].  On  the  other  hand,  the  nuclear  import  of 
AR-V7  and  ARv567es  is  not  mediated  by  the  microtubule 
pathway.  The  independence  of  the  microtubule  pathway 
enables  the  variants  to  evade  taxane-induced  cytoplasmic 
retention.  Finally,  we  show  that  sequestration  of  AR-FL 
in  the  cytoplasm  by  taxanes  is  alleviated  when  AR-V7  or 
ARv567es  js  present.  This  is  likely  caused  by  AR-V  steering 
AR-FL  away  from  the  microtubules,  as  shown  by  reduced 
binding  to  the  microtubules  when  AR-Vs  are  co-expressed. 
As  an  initial  attempt  to  unveil  the  nuclear  translocation 
mechanisms  of  the  AR-Vs,  we  found  that  nuclear  import 
of  AR-V7  and  ARv567es  is  possibly  mediated  by  the  importin 
a/p  machinery.  Elucidation  of  the  upstream  events  will 
likely  lead  to  opportunities  to  design  novel  strategies  to 
target  this  variant. 

The  clinical  relevance  of  AR-Vs  has  been 
demonstrated  by  a  myriad  of  studies.  Higher  expression 
of  AR-V7  in  hormone-nai've  prostate  tumors  predicts 
increased  risk  of  biochemical  recurrence  following  radical 
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Figure  9:  Nuclear  translocation  of  AR-Vs  is  importin  p-dependent.  A.  FRAP  assays  were  performed  in  COS-7  cells  expressing 
EGFP-tagged  AR-V7.  Cells  were  treated  with  DMSO  or  50  pM  importazole  (IPZ)  for  2  h  before  photobleaching.  Confocal  images  taken 
at  different  intervals  after  photobleaching  of  the  nuclei.  Red  and  yellow  arrows  indicate  nucleus  and  cytoplasm,  respectively.  B.  Fn/c 
recovery  plot  for  EGFP-AR-V7.  C.  COS-7  cells  transfected  with  pEGFP-AR-V7  were  treated  with  DMSO  or  10  pM  importazole  for  48  h. 
DAPI  was  used  for  staining  the  nuclei.  D.  &  E.  confocal  images  (D)  and  Fn/c  recovery  plot  (E)  of  FRAP  assays  in  COS-7  cells  expressing 
TurboFP63 5 -tagged  ARv567es  and  treated  with  IPZ. 


prostatectomy  [11,  12],  and  patients  with  high  levels  of 
expression  of  AR-V7  or  detectable  expression  of  ARv567es 
have  a  significantly  shorter  survival  than  other  CRPC 
patients  [15],  indicating  an  association  between  AR-Vs 


expression  and  a  more  lethal  form  of  prostate  cancer.  Studies 
have  indicated  that  AR-Vs  play  important  roles  in  resistance 
to  androgen-directed  therapies  [17-19].  Particularly,  a  recent 
groundbreaking  study  by  Antonarakis  et  al.  showed  that 
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patients  positive  for  AR-V7  expression  in  circulating  tumor 
cells  have  significantly  worse  responses  to  enzalutamide  or 
abiraterone  than  AR-V7-negative  patients  [20]. 

While  the  roles  of  AR-Vs  are  well  recognized  in 
resistance  to  hormonal  therapies,  evidence  has  just  started 
to  accumulate  to  support  their  involvement  in  resistance 
to  taxane  chemotherapy.  Thadani-Mulero  and  colleagues 
are  the  first  to  show  evidence  supporting  a  role  of  AR- 
V7  in  resistance  to  taxane  chemotherapy  [35].  In  addition, 
the  study  by  Martin  et  al.  [36]  showed  that  in  cells 
harboring  AR-Vs,  targeting  the  AR  N-terminal  domain  of 
with  a  small  molecule  inhibitor  enhances  the  therapeutic 
response  to  docetaxel  [36].  A  clinical  study  by  Steinestel 
et  al.  showed  expression  of  AR-V7  in  circulating  cancer 
cells  significantly  correlates  with  prior  treatment  with 
docetaxel  [37].  Very  recently,  a  clinical  study  presented  at 
the  American  Society  of  Clinical  Oncology  Genitourinary 
Cancers  Symposium  investigated  the  responses  to 
taxane  chemotherapy  in  mCRPC  patients  with  different 
AR-V7  status  in  circulating  tumor  cells  [38].  Although 
all  the  clinical  outcomes  are  worse  in  patients  in  the 
AR-V7(+)  arm,  the  differences  are  not  statistically 
significant  [38].  The  insignificant  differences  could  result 
from  the  small  sample  size  or  due  to  a  “threshold  effect”  of 
AR-V7.  In  other  words,  the  influence  of  AR-V7  on  taxane 
response  may  be  manifested  only  when  it  is  expressed 
above  a  certain  level.  Hence,  the  association  of  AR-Vs 
and  sensitivity  to  taxane  chemotherapy  warrants  further 
investigation  in  a  larger  cohort. 

The  main  disparity  between  our  study  and  that 
of  Thadani-Mulero  et  al.  [35]  is  on  whether  ARv567es  is 
inhibited  by  the  taxanes.  In  contrast  to  the  data  present 
herein,  Thadani-Mulero  and  colleagues  showed  that 
ARv567es  associates  with  the  microtubules  and  that  the 
nuclear  translocation  of  ARv567es  is  inhibited  by  taxanes.  In 
addition,  the  microtubule-binding  activity  is  mapped  to  the 
DNA-binding  and  hinge  domains  of  AR  [35].  One  possible 
explanation  for  these  discrepancies  is  the  use  of  different 
assays.  Thadani-Mulero  et  al.  performed  in  vitro  assays  in 
which  cell  lysates  containing  AR  proteins  tagged  by  GFP 
or  hemagglutinin  were  incubated  with  purified  tubulin  in  a 
cell-free  system  to  allow  microtubule  polymerization  and 
association.  In  contrast,  we  conducted  in  vivo  microtubule¬ 
binding  assays  in  which  the  microtubules  and  associated 
proteins  were  extracted  from  cells  expressing  untagged 
AR  isoforms.  Another  major  difference  between  the  two 
studies  is  the  dosage  of  taxanes.  Docetaxel  was  applied 
at  a  concentration  of  1  pM  in  the  cell  culture  studies 
by  Thadani-Mulero  et  al.,  in  contrast  to  the  clinically 
attainable  [39]  nanomolar  concentrations  used  in  our 
studies.  We  demonstrated  that  treatment  with  taxanes, 
at  the  low  nanomolar  concentrations,  fail  to  inhibit  the 
transcriptional  activity  or  nuclear  import  of  ARv567es. 

The  canonical  AR  nuclear  localization  signal 
(NLS)  is  located  in  the  hinge  domain,  encoded  by  exons 
3  and  4.  Sequence  analysis  predicted  that  this  NLS  is 
truncated  in  AR-V7.  However,  the  study  by  Chan  et  al. 


demonstrated  that  splicing  of  exon  3  with  cryptic  exon 
3  in  AR-V7  reconstitutes  this  bipartite  NLS,  which 
mediates  the  nuclear  import  of  AR-V7  [40].  In  addition, 
expression  of  a  dominant  negative  mutant  of  Ran  protein 
(RanQ69L)  which  causes  premature  dissociation  of  the 
importin/cargo  complex,  reduced  nuclear  localization  of 
AR-V7  and  ARv567es.  These  findings  are  consistent  with 
our  importazole  data,  suggesting  that  the  nuclear  import  of 
the  AR-Vs  is  mediated  by  the  importin  a/p  pathway.  They 
also  found  that  unlike  AR-FL,  the  nuclear  localization 
of  AR-V7  and  ARv567es  is  not  affected  by  an  inhibitor  for 
heat  shock  protein  90.  Together,  this  study  and  our  data 
present  herein  suggest  a  fundamental  difference  between 
AR-FL  and  AR-Vs  in  the  events  upstream  of  importin  a/p- 
mediated  nuclear  entry. 

In  summary,  our  study  provides  support  for  the 
involvement  of  AR-V7  and  ARv567es  in  attenuating  the 
response  to  taxane-based  chemotherapy.  Mechanistically, 
we  demonstrated  that  both  variants  translocate  to 
the  nucleus  in  a  microtubule-independent  manner. 
Additionally,  these  variants  can  reduce  the  microtubule¬ 
binding  activity  of  AR-FL,  thus  circumventing  its 
cytoplasm  sequestration  triggered  by  taxanes.  These 
findings  have  important  clinical  implications.  The 
expression  status  of  these  AR  variants  could  potentially 
be  used  as  a  biomarker  to  aid  treatment  selection  and 
sequencing.  More  importantly,  targeting  AR-Vs  could  be 
a  fruitful  direction  to  pursue  to  enhance  the  efficacy  of 
taxane  chemotherapy.  To  this  end,  several  small  molecule 
inhibitors  at  various  stages  of  clinical  development  have 
shown  promises  against  AR-Vs  [41^43],  opening  doors 
for  novel  therapeutic  strategies. 

MATERIALS  AND  METHODS 

Cell  lines  and  reagents 

LNCaP,  22Rvl,  and  COS-7  cells  were  obtained  from 
American  Type  Culture  Collection.  With  the  exception  of 
drug-resistant  lines,  cells  used  in  this  study  were  within 
20  passages  (-3  months  of  non-continuous  culturing).  All 
cell  lines  were  tested  and  authenticated  by  the  method 
of  short  tandem  repeat  profiling.  Docetaxel,  cabazitaxel, 
and  paclitaxel  were  purchased  from  Selleck  Chemicals 
(Houston,  TX).  Nocodazole  was  from  Sigma  Aldrich, 
and  KX-01  was  provided  by  Kinex  Pharmaceuticals.  The 
following  antibodies  were  used  in  Western  blot  analysis: 
anti-GAPDH,  anti-AR  (N-terminus-directed,  PG-21; 
Millipore),  anti-importin  pi,  anti-P-actin  (Santa  Cruz), 
anti-p53  (Calbiochem),  anti-histone  H3  (Cell  Signaling), 
and  anti-AR-V7  (Precision  Antibody). 

Selection  of  taxane  resistant  cell  lines 

22Rvl  cells  were  initially  treated  with  10 
nM  paclitaxel  for  72  hours  and  the  surviving  cells 
were  re-seeded  and  allowed  to  recover  for  1  week. 
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Paclitaxel-resistant  cells  were  developed  over  a  period 
of  2  months  by  stepwise  increasing  concentrations  of 
paclitaxel  (5-50  nM).  Age-matched  parental  cells  which 
did  not  receive  treatments  were  maintained  in  parallel. 
Docetaxel-resistant  22Rvl  and  LNCaP95  lines  were 
generated  in  a  similar  manner,  but  with  different  doses  of 
docetaxel  (5  nM  initially,  2.5-20  nM  for  selection).  The 
resistant  cells  were  continuously  maintained  in  the  highest 
concentration  of  the  taxane  in  which  they  selected. 

Western  blotting 

Cells  were  washed  with  ice-cold  phosphate-buffered 
saline  (PBS)  and  lysed  with  2X  Cell  Lysis  Buffer  (Cell 
Signaling)  containing  a  phosphatase  inhibitor  and  the 
protease  inhibitor  cocktail  (Sigma).  After  incubating 
the  cells  on  ice  for  30  min,  lysates  were  collected  by 
centrifugation  at  10,  000  rpm  for  10  minutes.  Protein 
concentrations  were  determined  by  the  BCA  Protein  Assay 
kit  (Pierce).  The  samples  were  separated  on  10%  SDS- 
polyacrylamide  gels  and  transferred  onto  polyvinylidene 
fluoride  (PVDF)  membranes.  After  blocking  in  TBS 
buffer  (150  mM  NaCl,  10  mM  Tris,  pH  7.4)  containing 
5%  nonfat  milk,  the  blots  were  incubated  with  a  primary 
antibody  overnight  at  4°C  and  a  fluorescent-labeled 
secondary  antibody  for  1  h  at  room  temperature.  The 
fluorescent  signals  were  obtained  by  the  Odyssey  Infrared 
Imaging  System  (LI-COR  Bioscience). 

Transient  transfection  and  reporter  gene  assay 

COS-7  cells  were  seeded  in  10-cm  dishes  at 
a  density  to  reach  80-90%  confluency  at  time  of 
transfection.  Transient  transfection  was  performed  by 
using  the  Lipofectamine  and  Plus  reagents  following 
the  manufacturer’s  instructions  (Invitrogen).  Cells 
were  co-transfected  with  ARR3-luc  luciferase  reporter 
contruct  and  pRL-TK,  along  with  a  plasmid  encoding 
for  AR-FL,  AR-V7  or  ARv567es.  After  incubating  with 
the  transfection  mixture  for  4  h,  cells  were  re-plated 
in  RPMI  1640  containing  10%  charcoal-stripped  fetal 
bovine  serum  (cs-FBS).  Cells  were  allowed  to  recover 
overnight  before  treated  with  DTX  (1  and  2.5  nM)  or 
PTX  (2.5  or  5  nM)  in  the  presence  or  absence  of  10 
nM  DHT.  Dual-luciferase  assay  was  performed  at  24  h 
post  treatment  using  the  Dual-luciferase  Reporter  Assay 
System  (Promega).  The  renilla  luciferase  activity  was 
used  to  normalize  that  of  firefly  luciferase. 

Confocal  fluorescence  microscopy 

Subcellular  localization  of  AR  proteins  was  analyzed 
by  confocal  fluorescence  microscopy.  The  pTurboFP635- 
AR-V7  and  pTurboFP635-ARv567es  plasmids  were 
generated  by  cloning  the  cDNA  fragments  for  AR-V7  and 
ARv567eS?  respectively,  into  the  pCMV-TurboFP635  vector. 
COS-7  cells  were  transfected  with  indicated  plasmids  and 


cultured  in  phenol  red- free  RPMI- 1640  supplemented  with 
10%  cs-FBS.  At  40  hr  after  transfection,  cells  were  pre¬ 
treated  with  or  without  10  nM  docetaxel  for  6  hr,  followed 
by  treatment  with  or  without  1  nM  R1881  for  4  hr.  COS-7 
cells  were  subsequently  fixed  with  2%  paraformaldehyde, 
and  the  nuclei  were  stained  with  2.5  pM  DRAQ5  (Cell 
Signaling).  Confocal  images  were  obtained  by  using  a 
Leica  TCS  SP2  system  with  a  63X  oil-immersion  objective 
on  a  Z-stage,  and  an  average  of  6  fields  with  ~10  cells  per 
field  were  captured  for  each  group.  Data  quantitation  was 
performed  as  described  [44]. 

Fluorescence  recovery  after  photobleaching 
(FRAP)  assay 

FRAP  assay  was  performed  using  a  Leica  TCS 
SP2  microscope  equipped  with  20X,  40X  and  63X  oil 
immersion  lenses  (Nikon)  in  combination  with  a  heated 
stage  (Delta  T  Open  Dish  System,  Bioptechs),  as  described 
by  Roth  et  al.  [45]  with  modifications.  Briefly,  three 
images  were  obtained  before  photobleaching  using  1 0% 
of  total  laser  power  with  excitation  at  488  nm,  scanning 
at  a  rate  of  8  ps/pixel.  Photobleaching  was  performed 
by  scanning  an  area  covering  the  entire  nucleus  10  times 
at  a  rate  of  12.5  ps/pixel,  applying  100%  of  the  laser 
power.  After  bleaching,  the  recovery  of  fluorescence  was 
monitored  by  scanning  the  cells  at  1  minute  intervals  for 
up  to  2  hours,  using  detector  and  laser  settings  identical  to 
those  prior  to  photobleaching.  Image  analysis  was  carried 
out  by  using  the  NIH  Image  J  Software  to  quantitate  the 
nuclear  (Fn)  and  cytoplasmic  (Fc)  fluorescence  signals. 
The  ratios  of  Fn  to  Fc  (Fn/c)  were  calculated  and  the 
extent  of  recovery  was  determined  by  fractional  recovery 
of  Fn/c,  which  is  the  Fn/c  at  each  time  point  divided  by 
the  prebleach  Fn/c.  The  data  were  fitted  exponentially  to 
generate  the  fractional  recovery  plot. 

In  vivo  microtubule  binding  assay 

The  AR  deletion  constructs  were  generated  by 
inserting  PCR  products  of  the  corresponding  cDNA 
regions  into  the  pcDNA3.1(-)  vector.  The  resulting 
plasmids  were  sequenced  to  confirm  sequence  accuracy 
and  in-frame  reading.  COS-7  cells  were  transfected  with 
indicated  plasmids  and  cultured  in  RPMI  1 640  medium 
supplemented  with  10%  cs-FBS.  Microtubule-binding 
assay  was  performed  by  using  the  Microtubule/Tubulin 
In  Vivo  Assay  Kit  (Cytoskeleton  Inc.,  Cat.#  BK038) 
following  the  manufacturer’s  instructions.  Briefly,  3  x  106 
cells  were  lysed  in  4  mL  pre-warmed  (37°C)  Lysis  and 
Microtubule  Stabilization  2  (LMS2)  buffer  (100  mM 
PIPES,  pH  6.9,  5  mM  MgCl2,  ImM  EGTA,  30%  (v/v) 
glycerol,  0.1%  Nonidet  P40,  0.1%  Triton  X-100,  0.1% 
Tween  20,  0.1%  P-mercaptoethanol,  0.001%  Antifoam, 
100  pM  GTP,  1  mM  ATP,  1  x  protease  inhibitors  cocktail) 
in  a  10-cm  cell  culture  dish.  The  lysates  were  collected 
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and  spun  at  2,000  g  for  10  min  at  37°C  to  remove  nuclei 
and  unbroken  cells.  The  supernatants  were  then  subjected 
to  ultracentrifugation  at  100,  000  g  for  30  min  at  37°C  to 
separate  the  microtubules  from  the  soluble,  unpolymerized 
tubulin.  The  pellet  was  washed  with  pre-warmed  LMS2 
buffer  and  centrifuged  at  100,  000  g  for  30  min  at  37°C. 
For  microtubule  destabilization  conditions,  LMS2  buffer 
containing  nocodazole  (5  pg/ml)  or  CaCl2  (2  mM),  or 
ice-cold  LMS2  buffer  were  used  in  the  above  procedure. 
The  pellets  were  resuspended  in  ice-cold  2  mM  CaCl2  and 
incubated  in  room  temperature  for  1 5  min  to  depolymerize 
microtubules.  The  supernatant  (S),  wash  solution  (W),  and 
resuspended  pellet  (P)  were  adjusted  to  equal  volumes  and 
analyzed  by  Western  blotting. 

Statistical  analysis 

Statistical  analysis  was  performed  using  Microsoft 
Excel.  The  Students  two-tailed  Mest  was  used  to 
determine  the  difference  in  means  between  two  groups. 
P  <  0.05  is  considered  significant.  Data  are  presented  as 
mean  ±  standard  error  of  men  (SEM). 
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Abstract 


Constitutively  active  androgen  receptor  splice  variants 
(AR-V)  lacking  the  ligand-binding  domain  have  been  implicat¬ 
ed  in  the  pathogenesis  of  castration-resistant  prostate  cancer 
and  in  mediating  resistance  to  newer  drugs  that  target  the 
androgen  axis.  AR-V  regulates  expression  of  both  canonical  AR 
targets  and  a  unique  set  of  cancer-specific  targets  that  are 
enriched  for  cell-cycle  functions.  However,  little  is  known 
about  how  AR-V  controls  gene  expression.  Here,  we  report  that 
two  major  AR-Vs,  termed  AR-V7  and  ARv567es,  not  only  homo- 
dimerize  and  heterodimerize  with  each  other  but  also  hetero- 
dimerize  with  full-length  androgen  receptor  (AR-FL)  in  an 


androgen-independent  manner.  We  found  that  heterodimeri¬ 
zation  of  AR-V  and  AR-FL  was  mediated  by  N-  and  C-terminal 
interactions  and  by  the  DNA-binding  domain  of  each  mole¬ 
cule,  whereas  AR-V  homodimerization  was  mediated  only  by 
DNA-binding  domain  interactions.  Notably,  AR-V  dimerization 
was  required  to  transactivate  target  genes  and  to  confer  castration- 
resistant  cell  growth.  Our  results  clarify  the  mechanism  by  which 
AR-Vs  mediate  gene  regulation  and  provide  a  pivotal  pathway  for 
rational  drug  design  to  disrupt  AR-V  signaling  as  a  rational  strategy 
for  the  effective  treatment  of  advanced  prostate  cancer.  Cancer  Res; 
75(17);  3663-71.  ©2015  AACR. 


Introduction 

Recurrence  with  lethal  castration-resistant  prostate  cancer 
(CRPC)  after  androgen  deprivation  therapy  remains  the  major 
challenge  in  treatment  of  advanced  prostate  cancer  (1,  2). 
Significant  advances  in  our  understanding  of  continued  andro¬ 
gen  receptor  (AR)  signaling  in  CRPC  have  led  to  the  develop¬ 
ment  and  FDA  approval  of  two  next-generation  androgen- 
directed  therapies,  the  androgen  biosynthesis  inhibitor  abira- 
terone  and  the  potent  AR  antagonist  enzalutamide  (3,  4).  These 
drugs  heralded  a  new  era  of  prostate  cancer  therapy.  However, 
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some  patients  present  with  therapy-resistant  disease,  and  most 
initial  responders  develop  acquired  resistance  within  months  of 
therapy  initiation  (3,  4).  The  resistance  is  typically  accompa¬ 
nied  by  increased  prostate-specific  antigen  (PSA),  indicating 
reactivated  AR  signaling  (3,  4).  Accumulating  evidences  indi¬ 
cate  that  prostate  tumors  can  adapt  to  these  androgen-directed 
therapies,  including  abiraterone  and  enzalutamide,  by  signal¬ 
ing  through  constitutively  active  alternative  splicing  variants  of 
AR  (AR-V;  refs.  5-17). 

To  date,  15  AR-Vs  have  been  identified  (18).  Structurally, 
AR-Vs  have  insertions  of  cryptic  exons  downstream  of  the 
exons  encoding  the  DNA-binding  domain  (DBD)  or  deletions 
of  the  exons  encoding  the  ligand-binding  domain  (LBD), 
resulting  in  a  disrupted  AR  open  reading  frame  and  expression 
of  LBD-truncated  AR  (6,  7,  9,  15,  19,  20).  Because  the  N- 
terminal  domain,  which  contains  the  most  critical  transactiva¬ 
tion  domain  of  the  receptor  (AF1),  and  the  DBD  remain  intact 
in  the  majority  of  the  AR-Vs,  many  AR-Vs  display  ligand- 
independent  transactivation.  AR-V7  (aka  AR3)  and  ARv567es 
(aka  AR-V12)  are  two  major  AR-Vs  expressed  in  clinical  speci¬ 
mens  (7-10,  15,  17).  They  localize  primarily  to  the  nucleus, 
activate  target  gene  expression  in  a  ligand-independent  man¬ 
ner,  and  promote  castration-resistant  growth  of  prostate  cancer 
cells  both  in  vitro  and  in  vivo  (7,  9,  15,  19-21).  Strikingly, 
patients  with  high  levels  of  expression  of  AR-V7  or  detectable 
expression  of  ARv567es  in  prostate  tumors  have  a  shorter  sur¬ 
vival  than  other  CRPC  patients  (8).  Moreover,  AR-V7  expres¬ 
sion  in  circulating  tumor  cells  of  CRPC  patients  is  associated 
with  resistance  to  both  abiraterone  and  enzalutamide  (17). 
These  findings  indicate  an  association  between  AR-V  expres¬ 
sion  and  a  more  lethal  form  of  prostate  cancer,  and  also 
highlight  the  importance  of  AR-Vs  in  limiting  the  efficacy  of 
androgen-directed  therapies. 
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Figure  1. 

AR-FL  and  AR-Vs  in  BiFC  fusion 
proteins  are  functional.  A,  schematic 
representation  of  AR-FL,  AR-V7,  and 
ARv567es  protejn  structure.  The  DBD  is 
composed  of  two  zinc  fingers.  NTD, 
N-terminal  domain;  H,  hinge  region; 

U,  unique  C-terminal  sequence.  D-box 
and  FxxLF  motif  mediate  AR-FL 
dimerization.  B,  a  schematic  of  the 
principle  of  the  BiFC  assay.  VFP,  Venus 
fluorescent  protein.  C,  schematic 
diagram  of  the  constructs  used  in  the 
BiFC  assay.  D,  luciferase  assay  showing 
AR  transactivating  activity  in  PC-3  cells 
cotransfected  with  the  indicated  BiFC 
construct  and  the  ARE-luc  plasmid. 

*,  P  <  0.05  from  mock  control.  E, 
immunofluorescent  (IF)  staining 
showing  protein  fusion  does  not 
change  subcellular  localization  of  AR- 
FL,  AR-V7,  or  ARv567es.  The  indicated 
expression  construct  or  BiFC  fusion 
construct  was  transfected  into  PC-3 
cells,  and  immunofluorescent  staining 
was  conducted  at  48  hours  after 
transfection.  DAPI,  nuclear  stain.  Scale 
bars,  10  gm.  Cells  were  cultured  under 
androgen-deprived  condition  unless 
specified.  DHT,  1  nmol/L  for  24  hours. 


AR-V7  and  ARv567es  can  regulate  the  expression  of  both  canon¬ 
ical  AR  targets  and  a  unique  set  of  targets  enriched  for  cell-cycle 
function  independent  ofthe  full-length  AR  (AR-FL;  refs.  7, 10, 15). 
AR-V7  and  ARv567es  can  also  activate  AR-FL  in  the  absence  of 
androgen  by  facilitating  AR-FL  nuclear  localization  and  coregulate 
the  expression  of  canonical  AR  targets  (5).  It  has  long  been 
appreciated  that  dimerization  is  required  for  AR-FL  to  regulate 
target  gene  expression  (22),  but  little  is  known  about  AR-V 
dimerization.  Coimmunoprecipitation  of  endogenous  ARv567es 
and  AR-FL  (15)  and  co-occupancy  of  the  PSA  promoter  by  AR-V7 
and  AR-FL  (5)  suggest  that  AR-Vs  may  form  heterodimers  with 
AR-FL.  However,  whether  AR-Vs  homodimerize  or  heterodimer- 
ize  with  each  other  and  whether  the  dimerization  is  required  for 
AR-Vs  to  regulate  target  genes  and  to  confer  castration-resistant 
cell  growth  are  currently  unknown. 

Dimerization  of  AR-FL  is  mediated  mainly  through  N/C-ter- 
minal  interactions,  via  the  FxxLF  motif  in  the  N-terminal  domain 
and  the  coactivator  groove  in  the  LBD,  and  DBD/DBD  interac¬ 
tions,  via  the  dimerization  box  (D-box;  ref.  22).  Because  the  FxxLF 
motif  and  the  D-box  (Fig.  1A)  are  maintained  in  the  majority  of 
the  AR-Vs  identified,  we  hypothesize  that  these  AR-Vs  can  form 
heterodimers  with  each  other  as  well  as  homodimers  via  DBD/ 
DBD  interactions  and  that  they  can  also  form  heterodimers  with 
AR-FL  via  DBD/DBD  and  N/C  interactions.  In  the  current  study, 
we  tested  this  hypothesis  by  using  the  bimolecular  fluorescence 
complementation  (BiFC)  and  bioluminescence  resonance  energy 
transfer  (BRET)  assays,  which  have  complementary  capabilities 
for  characterizing  protein-protein  interactions  in  live  cells.  BiFC 
allows  direct  visualization  of  subcellular  locations  of  the  inter¬ 
actions  (23),  while  BRET  allows  real-time  detection  of  complex 
formation  (24,  25). 


Materials  and  Methods 

Cell  lines  and  reagents 

LNCaP,  PC-3,  DU145,  VCaP,  and  HEK-293T  cells  were 
obtained  from  the  ATCC,  and  cultured  as  described  (26).  C4-2 
was  provided  by  Dr.  Shahriar  Koochekpour  (Roswell  Park  Cancer 
Institute,  Buffalo,  NY).  All  the  cell  lines  were  authenticated  on 
April  1,  2015  by  the  method  of  short  tandem  repeat  profiling  at 
the  Genetica  DNA  Laboratories.  Enzalutamide  was  purchased 
from  Selleck  Chemicals. 

Plasmid  construction 

To  generate  different  BiFC  fusion  constructs  of  AR-FL,  AR-V7, 
and  ARv567es,  we  PCR  amplified  the  AR-FL,  AR-V7,  and  ARv567es 
cDNAs  from  their  respective  expression  construct,  and  cloned  the 
PCR  amplicons  separately  into  a  TA-cloning  vector  (Promega). 
Fusion  constructs  of  AR-FL,  ARv567es,  and  AR-V7  with  either  VN  or 
VC  were  generated  by  subcloning  the  cDNAs  from  the  TA  plas¬ 
mids  into  the  Sail  and  Xhol  sites  of  the  pBiFC-VN155  and  pBiFC- 
VC155  vectors.  The  mutant  BiFC-AR-V  and  BiFC-AR-FL  constructs 
with  mutations  at  the  FxxLF  motif  (F23,27A/L26A)  and/or  D-box 
(A596T/S597T)  were  generated  by  site-directed  mutagenesis  by 
using  the  Q5  site-Directed  Mutagenesis  Kit  (New  England  Bio- 
Labs).  BRET-fusion  constructs  of  AR-FL,  AR-V7,  and  ARv567es  were 
generated  by  subcloning  the  AR-FL,  AR-V7,  and  ARv567es  cDNA 
from  the  respective  TA  plasmids  into  the  BamHI  and  Xbal  sites  of 
the  pcDNA3.1-RLuc8.6  and  TurboFP635  vectors  (24).  The  doxy- 
cycline-inducible  ARv567es  lentiviral  construct  was  generated  by 
subcloning  the  ARv567es  cDNA  from  its  TA  plasmid  first  into  the 
pDONR221  vector  (Invitrogen)  and  subsequently  into  the  doxy- 
cycline-inducible  pHAGE-Ind-EFla-DEST-GH  lentiviral  construct 
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Figure  2. 

AR-V7  and  ARv567es  heterodimerize  with  AR-FL  through  both  N/C  and  DBD/DBD  interactions,  wt,  wild-type;  F-mut,  FxxLF-motif  mutant;  D-mut,  D-box  mutant; 
FD-mut,  FxxLF-motif  and  D-Box  double  mutant.  Hoechst,  nuclear  stain.  Scale  bars,  10  pm  *,  P<  0.05.  A  and  B,  dimerization  was  detected  by  the  BiFC  assay  in 
PC-3  cells  under  androgen-deprived  condition.  Right,  quantitation  of  BiFC  signals  by  flow  cytometry.  C  and  D,  pretreatment  with  androgen  attenuates  the 
dimerization  between  AR-V7  and  wt  AR-FL  (C)  but  not  the  dimerization  between  AR-V7  and  F-mut  AR-FL  (D).  PC-3  cells  were  treated  with  1  nmol/L  DHT  with  or 
without  10  pmol/L  enzalutamide  (Enz)  right  after  transfection  with  the  indicated  BiFC  constructs,  and  BiFC  signal  was  assessed  at  48  hours  after  transfection. 
Right,  quantitation  of  BiFC  signals  by  flow  cytometry.  E,  Western  blotting  with  a  pan-AR  antibody  showing  expression  of  the  BiFC-fusion  proteins.  Individual 
fusion  construct  was  transfected  into  PC-3  cells  cultured  under  androgen-deprived  condition  unless  specified.  DHT,  1  nmol/L  for  24  hours. 


by  using  the  Gateway  Cloning  System  (Invitrogen).  All  plasmids 
were  sequence  verified. 

DNA  transfection  and  reporter  gene  assay 

PC-3  and  HEK-293T  cells  were  transfected  by  using  the  TransIT- 
2020  (Mirus  Bio  LLC)  and  TurboFect  reagents  (Thermo  Scienti¬ 
fic),  respectively,  per  instruction  of  the  manufacturer.  DU  145, 
C4-2,  and  LNCaP  cells  were  transfected  by  using  the  Lipofecta- 
mine  2000  and  Plus  reagent  (Invitrogen)  as  described  (27). 
Reporter  gene  assay  was  performed  as  previously  described 
(28)  with  either  an  androgen-responsive  element- luciferase  plas¬ 
mid  (ARE-luc)  containing  three  ARE  regions  ligated  in  tandem  to 
the  luciferase  reporter  or  a  luciferase  construct  driven  by  three 
repeats  of  an  AR-V-specific  promoter  element  of  the  ubiquitin- 
conjugating  enzyme  E2C  (UBE2C)  gene  (UBE2C-luc).  To  ensure 
an  even  transfection  efficiency,  we  conducted  the  transfection  in 
bulk  and  then  split  the  transfected  cells  for  luciferase  assay. 

Immunofluorescence  staining 

Cells  were  transfected  with  indicated  plasmids  on  Poly-D- 
Lysine-coated  coverslips  (neuVitro)  and  cultured  in  phenol 


red-free  medium  supplemented  with  10%  charcoal-stripped 
FBS.  For  the  dihydrotestosterone  (DHT)  groups,  1  nmol/L  DHT 
was  added  at  24  hours  after  transfection.  At  48  hours  after 
transfection,  cells  were  fixed  with  70%  ethanol,  and  incubated 
with  a  pan-AR  antibody  (PG-21,  Millipore;  1:200)  overnight  at 
4°C  and  subsequently  with  Alexa  Fluor  488-conjugated  sec¬ 
ondary  antibody  (Invitrogen;  1:1,000)  for  1  hour  at  room 
temperature  in  the  dark.  Nuclei  were  then  stained  with  4',  6- 
diamidino-2-phenylindole  (DAPI).  Confocal  images  were 
obtained  by  using  a  Leica  TCS  SP2  system  with  a  40  x  oil- 
immersion  objective  on  a  Z-stage. 

BiFC  analysis 

Cells  were  cotransfected  with  different  BiFC  fusion  constructs. 
At  48  hours  after  transfection,  cells  were  incubated  with 
Hoechst33342  (Invitrogen)  and  observed  by  fluorescence  micros¬ 
copy  (Olympus).  For  flow  cytometry  quantitation  of  BiFC  signals, 
the  pDsRed2-Cl  construct  (Clontech)  was  cotransfected  with  the 
BiFC  fusion  constructs.  At  48  hours  after  transfection,  cells  were 
trypsinized,  and  the  Venus  and  DsRed  fluorescence  were  analyzed 
by  flow  cytometry. 
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Figure  3. 

AR-V  and  AR-V  dimerize  through 
DBD/DBD  interactions.  AR-FL 
homodimerization  (A),  AR-V7 
homodimerization  (B),  ARv567es 
homodimerization  (C),  and  AR-V7/ 
ARV56765  heterodimerization  (D)  were 
detected  by  BiFC  assay  in  PC-3  cells 
under  androgen-deprived  condition 
unless  specified.  DHT,  1  nmol/L  for  24 
hours.  Right  panels,  quantitation  of 
BiFC  signals  by  flow  cytometry,  wt, 
wild-type;  F-mut,  FxxLF-motif  mutant; 
D-mut,  D-box  mutant.  Hoechst,  nuclear 
stain.  Scale  bars,  10  |im.  *,  P  <  0.05.  In 
contrast  to  AR-FL/AR-FL  and  AR-V7/ 
AR-V7  dimerization,  which  were 
detected  mainly  in  the  nucleus  (>90%), 
A Rv567es/ a r v567es  apd  AR-V7/ARv567es 
dimerization  were  observed  in  both  the 
nucleus  (37%  and  57%,  respectively) 
and  the  cytoplasm  (63%  and  43%, 
respectively). 


Western  blot  analysis 

The  procedure  was  described  previously  (29).  The  anti-GAPDH 
(Millipore),  anti-AR  (N-20,  Santa  Cruz  Biotechnology),  anti- 
HSP70  (Abeam),  anti-Turbo-red  fluorescent  protein  (Abeam),  and 
anti-Rcra'ZZa-luciferase  (Thermo  Scientific)  antibodies  were  used. 

Quantitative  RT-PCR  and  cell  growth  assay 

Quantitative  RT-PCR  (qRT-PCR)  was  performed  as  described 
(30),  and  the  qPCR  primer  probe  sets  were  from  IDT.  Cell 
growth  was  determined  by  the  sulforhodamine  (SRB)  assay  as 
described  (31).  To  ensure  an  even  transduction  efficiency, 
we  conducted  the  transduction  of  the  cells  with  packaged 
lentivirus  in  bulk,  and  then  split  the  transduced  cells  for 
qRT-PCR  and  SRB  assays. 

BRET  assay 

Cells  were  either  transfected  with  an  RLuc  BRET  fusion  plasmid 
or  cotransfected  with  an  RLuc  and  a  TFP  BRET  fusion  plasmid.  At 
72  hours  after  transfection,  cells  were  detached  with  5  mmol/L 
EDTA  in  PBS  and  resuspended  in  PBS  with  1%  sucrose.  Cells  were 
counted  and  seeded  in  triplicate  into  a  96-well  white-wall  micro¬ 
plate  at  105  cells  per  well.  Freshly  prepared  coelenterazine  (Nano¬ 
light  Technology)  in  water  was  added  to  the  cells  at  a  final 
concentration  of  25  pmol/L.  BRET  readings  at  528  nm  and  635  nm 
were  obtained  immediately  with  a  Synergy  2  microplate  reader 
(BioTek) .  The  BRET  ratio  was  calculated  by  subtracting  the  ratio  of 
635-nm  emission  and  528-nm  emission  obtained  from  cells 
coexpressing  the  RLuc  and  TFP  fusion  proteins  from  the  back¬ 
ground  BRET  ratio  resulting  from  cells  expressing  the  RLuc  fusion 
protein  alone  in  the  same  experiment:  BRET  ratio  =  (emission  at 
635  nm)/(emission  at  528  nm)  —  (emission  at  635  nm  RLuc 
only)/ (emission  at  528  nm  RLuc  only). 

Statistical  analysis 

The  Student  two-tailed  t  test  was  used  to  determine  the  mean 
differences  between  two  groups.  P  <  0.05  is  considered  significant. 
Data  are  presented  as  mean  db  SEM. 


Results 

Characterization  of  AR-FL  and  AR-Vs  in  BiFC  fusion  proteins 

For  BiFC  analysis  of  interaction  between  proteins  A  and  B,  the 
two  proteins  are  fused  separately  to  either  the  N-  or  C-terminal 
fragment  of  the  Venus  fluorescent  protein  (VN  or  VC,  Fig.  1 B) .  If 
the  two  proteins  dimerize,  the  interaction  allows  regeneration  of 
the  Venus  fluorescent  protein  to  emit  fluorescent  signal  (23). 
Because  BiFC  depends  on  the  relative  orientation  of  the  fusion 
proteins  (23),  we  generated  all  possible  combinations  of  N-  and 
C-terminal  fusions  by  cloning  the  AR-FL,  ARv567es,  or  AR-V7  cDNA 
either  in  front  of  or  after  VN  or  VC.  Different  pairs  of  fusion 
protein  constructs  were  transfected  into  the  AR-null  PC-3  cells  (to 
avoid  confounding  effect  of  endogenous  AR),  and  the  fusion 
protein  constructs  exhibiting  the  highest  BiFC  signals  (Fig.  1C) 
were  chosen  for  further  analysis.  The  transactivating  abilities  of 
the  fusion  proteins  were  tested  by  the  reporter  gene  assay. 
Although  the  protein  fusion  affected  the  relative  activities  of  the 
fusion  proteins  (Figs.  ID  and  Supplementary  Fig.  SI),  all  the 
fusion  proteins  can  transactivate  target  genes.  Immunofluores¬ 
cence  assay  further  showed  that  the  AR-FL  and  AR-Vs  in  the  fusion 
proteins  have  the  same  subcellular  localizations  as  the  respective 
nonfusion  AR  isoform  (Fig.  IE).  Collectively,  the  data  indicated 
that  AR-FL  and  AR-Vs  are  functional  in  the  fusion  proteins. 

BiFC  detection  of  AR-V/AR-FL  heterodimerization 

To  assess  the  ability  of  AR-V7  and  ARv567es  to  hetero dimerize 
with  AR-FL,  we  cotransfected  the  AR-V-  and  AR-FL  BiFC  fusion 
constructs  into  PC-3  cells  and  quantitated  the  Venus  fluorescence 
signal  by  flow  cytometry.  Both  AR-V7  and  ARv567es  dimerized  with 
AR-FL,  and  the  dimerization  did  not  require  androgen  (Fig.  2A 
and  B).  To  delineate  the  dimerization  interface,  we  generated 
mutant  BiFC-AR-V  constructs  with  mutations  at  the  FxxLF  motif 
(F23,27A/L26A)  and/or  D-box  (A596T/S597T).  FxxLF  motif 
and  D-box  mediate  AR-FL  homodimerization  through  N/C  and 
DBD/DBD  interactions,  respectively  (22).  Only  mutating  both 
motifs  abolished  AR-V/AR-FL  dimerization  (Fig.  2A  and  B), 
indicating  that  both  N/C  and  DBD/DBD  interactions  mediate 
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Figure  4. 

AR-FL  and  AR-Vs  in  BRET  fusion 
proteins  are  functional.  A,  a  schematic 
of  the  principle  of  the  BRET  assay.  B, 
schematic  diagram  of  the  constructs 
used  in  the  BRET  assay.  RLuc, 

RLuc8.6  luciferase;  TFP,  TurboFP635 
fluorescent  protein.  C,  Western  blotting 
with  a  pan-AR  antibody  showing 
expression  of  the  BRET-fusion  proteins. 
Individual  fusion  construct  was 
transfected  into  FIEK-293T  cells 
cultured  under  androgen-deprived 
condition.  D,  luciferase  assay  showing 
AR  trans-a ctivating  activity  in 
FIEK-293T  cells  cotransfected  with  the 
indicated  BRET  construct  and  the 
ARE-luc  plasmid.  Cells  were  cultured 
under  androgen-deprived  condition 
unless  specified.  DHT,  1  nmol/L  for  24 
hours.  *,  P  <  0.05  from  mock  control. 
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the  dimerization.  Mutating  one  motif  did  not  lead  to  significant 
change  of  BiFC  signal  (Fig.  2A  and  B),  likely  due  to  compensation 
of  the  loss  of  one  mode  of  interaction  by  the  other.  Similar  results 
were  obtained  in  DU145  and  HEK-293T  cells  (Supplementary 
Figs.  S2  and  S3).  Intriguingly,  although  ARv567es/ AR-FL  dimeriza¬ 
tion  was  observed  in  both  the  cytoplasm  and  the  nucleus,  AR-V7/ 
AR-FL  dimerization  was  detected  primarily  in  the  nucleus  in  the 
vast  majority  of  the  cells  (Ligs.  2A  and  B,  Supplementary  Ligs.  S2A, 
S2B,  S3A,  and  S3B). 

Pretreatment  of  cells  with  DHT  attenuated  AR-V7/AR-LL  dimer¬ 
ization,  and  this  effect  was  blocked  by  the  antiandrogen  enzalu- 
tamide  (Lig.  2C).  Conversely,  DHT  pretreatment  produced  min¬ 
imal  effect  on  the  dimerization  of  AR-V7  and  the  LxxLL-motif- 
mutated  AR-LL  (Lig.  2D),  which  lost  the  ability  to  homodimerize 
upon  androgen  treatment  (Supplementary  Lig.  S4B;  ref.  32). 
These  data  indicate  that  AR-V7  may  compete  with  AR-LL  for 
dimerizing  with  AR-LL.  Notably,  the  expression  of  each  of  the 
wild-type  and  mutant  fusion  proteins  was  confirmed  by  Western 
blotting  (Lig.  2E).  Collectively,  our  data  demonstrated  androgen- 
independent  dimerization  between  AR-V  and  AR-LL,  and  indi¬ 
cated  that  AR-V/AR-LL  dimerization  may  attenuate  androgen 
induction  of  AR-LL  homodimerization. 

BiFC  detection  of  AR-V/AR-V  dimerization 

We  further  showed  that,  like  liganded  AR-FL  (Ligs.  3 A  and 
Supplementary  Lig.  S4),  both  AR-Vs  can  form  a  homodimer 


when  expressed  alone  (Ligs.  3B  and  C  and  Supplementary 
Ligs.  S2C,  S2D,  S3C,  and  S3D).  The  homodimerization  can 
also  occur  when  AR-V  is  coexpressed  with  AR-LL  and  even 
when  it  is  expressed  at  a  much  lower  level  than  AR-LL 
(Supplementary  Lig.  S5).  Moreover,  AR-V7  and  ARv567es  can 
heterodimerize  (Lig.  3D).  Mutating  D-box,  but  not  the  LxxLL 
motif,  abolished  AR-V/AR-V  interactions,  indicating  that  AR- 
Vs  homodimerize  and  heterodimerize  with  each  other 
through  DBD/DBD  interactions.  Interestingly,  similar  to 
AR-V7/ AR-LL  dimerization,  AR-V7/AR-V7  dimerization  was 
detected  primarily  in  the  nucleus  (Ligs.  3B  and  Supplementary 
Ligs.  S2C  and  S3C).  However,  ARv567es/ARv567es  and  AR-V7/ 
ARv567es  dimerization  were  observed  in  both  the  nucleus  and 
the  cytoplasm  (Lig.  3C  and  D  and  Supplementary  Ligs.  S2D 
and  S3D). 

Characterization  of  AR-FL  and  AR-Vs  in  BRET  fusion  proteins 

We  then  used  the  newest  BRET  system,  BRET6  (24),  to  confirm 
the  BiLC  results.  BRET6  is  based  on  energy  transfer  between  the 
Rluc8.6  Renilla  luciferase  (Rluc)  energy  donor  and  the  turbo  red 
fluorescent  protein  (TLP)  energy  acceptor  when  the  donor  and 
acceptor  are  brought  into  close  proximity  by  their  fused  proteins 
(fig.  4A).  Similar  to  BiLC,  BRET  also  depends  on  the  relative 
orientation  of  the  fusion  proteins.  We  therefore  generated  all 
possible  combinations  of  N-  and  C-terminal  fusions  by  cloning 
the  AR-LL,  ARv567es,  or  AR-V7  cDNA  either  in  front  of  or  after  Rluc 
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Figure  5. 

BRET  assay  confirmation  of  AR-V/ 
AR-FL  and  AR-V/AR-V  dimerization. 
Indicated  BRET  fusion  constructs  were 
cotransfected  into  HEK-293T  cells  at 
different  ratios,  and  BRET  signal  was 
measured  after  the  addition  of  the 
coelenterazine  substrate.  Lower 
panels,  Western  blotting  with  an 
antibody  against  TFP,  RLuc,  or  HSP70 
showing  the  levels  of  the  fusion 
proteins  expressed.  Cells  were  cultured 
under  androgen-deprived  condition. 


or  TFP.  Different  pairs  of  the  fusion  protein  constructs  were 
transfected  into  the  AR-null  HEK-293T  cells  (to  avoid  confound¬ 
ing  effect  of  endogenous  AR),  and  the  fusion  protein  constructs 
exhibiting  the  highest  BRET  signals  (Fig.  4B)  were  chosen  for 
further  analysis.  The  expression  of  these  fusion  proteins  was 
confirmed  by  Western  blotting  (Fig.  4C).  Furthermore,  their 
abilities  to  transactivate  were  validated  by  luciferase  assay  with 
the  co transfection  of  the  ARE-luc  plasmid  (Fig.  4D),  indicating 
that  AR-FF  and  AR-Vs  are  functional  in  the  BRET  fusion  proteins. 

BRET  confirmation  of  AR-V/AR-FL  and  AR-V/AR-V  dimerization 

Figure  5  shows  the  BRET  saturation  curves  for  different  combi¬ 
nations  of  the  BRET  fusion  proteins  in  HEK-293T  cells.  The  BRET 
ratios  increased  hyperbolically  and  rapidly  saturated  with  the 
increase  in  the  ratio  of  energy  acceptor  to  energy  donor,  indicating 
specific  protein-protein  interaction  (33).  Similar  to  the  BiFC  data, 
mutating  the  FxxLF-motif  and/ or  the  D-box  inhibited  AR-V/AR-FL 
and  AR-V/AR-V  dimerization  (Supplementary  Fig.  S6).  Thus,  the 
BRET  data  confirmed  the  BiFC  results,  showing  the  ability  of 
AR-Vs  to  hetero dimerize  with  AR-FL  and  to  homodimerize. 
ARv567es^Rv567es  interaction  was  further  demonstrated  by  coim- 
munoprecipitation  assay  (Supplementary  Fig.  S7). 

Dimerization  is  required  for  AR-V  action 

To  assess  the  requirement  of  dimerization  for  AR-V  action,  we 
first  performed  reporter  gene  assay  with  the  wild-type  or  the 
dimerization  mutants  of  AR-V.  As  shown  in  Fig.  6A,  the  dimer¬ 
ization  mutants  completely  lost  the  ability  to  transactivate,  indi¬ 


cating  a  requirement  of  dimerization  for  AR-V  transactivation.  We 
then  analyzed  the  ability  of  the  wild-type  and  dimerization 
mutants  of  AR-Vs  to  regulate  target  gene  expression  and  castra¬ 
tion-resistant  growth  of  prostate  cancer  cells.  To  this  end,  we 
infected  the  AR-FL-expressing  LNCaP  cells  with  lentivirus  encod¬ 
ing  AR-V7  or  doxycycline-inducible  ARv567es.  Mutation  of  the 
FxxLF  motif  alone  or  both  the  FxxLF  motif  and  D-box  attenuated 
AR-V  induction  of  androgen-independent  expression  of  the 
canonical  AR  target  PSA  and  the  AR-V-specific  target  UBE2C  (Fig. 
6B)  as  well  as  castration-resistant  cell  growth  (Fig.  6C).  The  data 
indicated  the  requirement  of  dimerization  for  AR-Vs  to  regulate 
target  genes  and  to  confer  castration-resistant  cell  growth. 

Discussion 

The  current  study  represents  the  first  to  show  the  dimeric  nature 
of  AR-Vs  in  live  cells.  Using  BiFC  and  BRET  assays,  we  showed  that 
AR-V7  and  ARv567es  not  only  homodimerize  and  hetero  dimerize 
with  each  other  but  also  heterodimerize  with  AR-FL.  The  dimer¬ 
ization  does  not  require  androgen.  By  mutating  the  FxxLF  motif  in 
the  N-terminal  domain  and/or  D-box  in  DBD  of  AR-Vs,  we  further 
showed  that  AR-V/AR-FL  dimerization  is  mediated  by  both  N/C 
and  DBD/DBD  interactions,  whereas  AR-V/AR-V  dimerization  is 
through  DBD/DBD  interactions.  Because  AR-Vs  lack  the  C-termi- 
nal  domain,  the  N/C  interactions  between  AR-V  and  AR-FL  is 
mediated  presumably  via  the  FxxLF  motif  of  AR-V  and  the 
C-terminal  domain  of  AR-FL.  Significantly,  dimerization  mutants 
of  AR-Vs  lose  the  ability  to  transactivate  target  genes  and  to  confer 
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Figure  6. 

Dimerization  mutants  of  AR-Vs  lose  ability  to  transactivate  and  to  promote  castration-resistant  cell  growth.  A,  wild-type  or  dimerization  mutant  of  AR-V  was 
cotransfected  with  the  ARE-luc  plasmid,  and  cells  were  cultured  under  androgen-deprived  condition.  B  and  C,  LNCaP  cells  were  infected  in  bulk  with 
lentivirus  encoding  wild-type  or  dimerization  mutant  of  AR-V7  (left)  or  doxycycline-inducible  wild-type  or  dimerization  mutant  of  ARv567es  (right).  At  24  hours  after 
infection,  cells  were  reseeded  and  treated  with  or  without  200  ng/mL  doxycycline  and  incubated  for  an  additional  48  hours  for  qRT-PCR  analysis  of  target 
genes  (B)  or  for  the  indicated  time  for  SRB  assay  of  cell  growth  (C).  Western  blotting  confirmed  AR-V  expression.  *,  P  <  0.05  from  control  cells. 


castration-resistant  cell  growth,  indicating  the  requirement  of 
dimerization  for  important  functions  of  AR-Vs. 

Our  finding  on  AR-V/AR-FL  interaction  is  in  accordance  with 
the  previous  reports  on  ARv567es  and  AR-FL  coimmunoprecipita- 
tion  (15)  as  well  as  on  AR-V7  and  AR-FL  co-occupancy  of  the  PSA 
promoter  (5),  providing  a  direct  evidence  for  their  dimerization. 
Interestingly,  we  found  that  the  androgen-independent  dimer¬ 
ization  between  AR-V  and  AR-FL  may  mitigate  androgen  induc¬ 
tion  of  AR-FL  homodimerization.  This  could  constitute  a  mech¬ 
anistic  basis  for  the  ability  of  AR-Vs  to  attenuate  androgen 
induction  of  AR-FL  activity  (5).  To  date,  functional  studies  of 
AR-Vs  have  been  focused  mostly  on  their  ability  to  regulate  gene 
expression  independent  of  AR-FL.  Because  AR-Vs  are  often  coex¬ 
pressed  with  AR-FL  in  biologic  contexts,  it  is  conceivable  that  the 
ability  of  AR-Vs  to  hetero dimerize  with  and  activate  AR-FL  in  an 
androgen-independent  manner  could  be  equally  important  as 
their  AR-FL-independent  activity  to  castration  resistance. 

We  and  others  showed  previously  that  AR-V7  and  ARv567es 
localize  constitutively  to  the  nucleus  and  can  facilitate  AR-FL 
nuclear  entry  (5,  15),  indicating  that  the  initial  interaction 
between  AR-V  and  AR-FL  is  likely  to  be  in  the  cytoplasm.  This 
is  supported  by  our  data  showing  both  cytoplasmic  and  nuclear 
localization  of  ARv567es/ AR-FL  dimerization.  Intriguingly,  AR-V7/ 
AR-FL  dimerization  is  detected  primarily  in  the  nucleus  in  the  vast 
majority  of  the  cells.  This  may  be  due  to  the  regeneration  of  the 
Venus  fluorescent  protein  from  the  VN  and  VC  fragments  being 
slower  than  AR-V7/AR-FL  nuclear  translocation.  Interestingly, 
AR-V7/AR-V7  dimerization  was  also  detected  primarily  in  the 
nucleus,  whereas  ARv567es/ARv567es  and  AR-V7/ARv567es  dimeriza¬ 


tion  were  observed  in  both  the  nucleus  and  the  cytoplasm. 
Whether  this  is  also  due  to  slower  regeneration  of  the  Venus 
fluorescent  protein  than  AR-V7/AR-V7  nuclear  translocation  or 
AR-V7  entering  the  nucleus  as  a  monomer  requires  further  inves¬ 
tigation.  In  addition,  the  majority  of  the  posttranslational  mod¬ 
ification  sites  of  AR-FL  are  retained  in  AR-Vs  (34).  These  post¬ 
translational  modifications  regulate  AR-FL  transactivating  activ¬ 
ity,  possibly  via  the  interaction  of  AR-FL  with  other  proteins  or 
with  itself  (34).  It  is  very  likely  that  these  posttranslational 
modifications  may  impact  AR-V  dimerization  and  transactivation 
and  therefore  deserve  further  investigation. 

We  reported  previously  that  AR-V  binds  to  the  promoter  of  its 
specific  target  UBE2C  without  AR-FL,  but  co-occupies  the  pro¬ 
moter  of  the  canonical  AR  target  PSA  with  AR-FL  in  a  mutually 
dependent  manner  (5).  Furthermore,  knockdown  of  AR-FL  and 
AR-V  both  result  in  reduced  androgen-independent  PSA  expres¬ 
sion,  but  only  AR-V  knockdown  downregulates  UBE2C  expres¬ 
sion  (5).  The  data,  together  with  the  findings  from  the  current 
study,  indicate  that  AR-Vs  regulate  their  specific  targets  as  an  AR-V/ 
AR-V  dimer  but  control  the  expression  of  canonical  AR  targets  as 
an  AR-V/AR-FL  dimer.  Interestingly,  while  mutating  D-box  alone 
does  not  significantly  mitigate  AR-V/AR-FL  dimerization,  the 
mutation  abolishes  the  ability  of  AR-V  to  induce  the  expression 
of  PSA  and  UBE2C  as  well  as  to  promote  castration-resistant  cell 
growth.  A  plausible  explanation  is  that,  although  D-box- mutated 
AR-V  can  dimerize  with  AR-FL,  the  dimer  cannot  bind  to  DNA 
to  regulate  the  expression  of  target  genes.  This,  together  with 
the  finding  that  D-box-D-box  interactions  are  required  for 
the  formation  of  androgen-induced  AR-FL  intermolecular  N/C 
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interactions  (32),  indicates  that  disrupting  D-box-D-box  inter¬ 
actions  could  lead  to  inhibition  of  not  only  AR-V/AR-V  dimer¬ 
ization  and  transactivation  but  also  AR-FL  activation  induced  by 
either  AR-Vs  or  androgens.  Thus,  disrupting  D-box-D-box  inter¬ 
actions  may  represent  a  more  effective  means  to  suppress  AR 
signaling  than  targeting  the  LBD  of  AR. 

In  summary,  we  demonstrated  the  dimeric  nature  of  AR-Vs  in 
live  cells  and  identified  the  dimerization  interface.  Significantly, 
we  showed  that  proper  dimerization  is  required  for  AR-V  func¬ 
tions.  The  research  therefore  represents  a  key  step  in  delineating 
the  mechanism  by  which  AR-Vs  mediate  gene  regulation.  This  is 
vital  for  developing  effective  therapeutic  strategies  to  disrupt  AR-V 
signaling  and  provide  more  effective  treatments  for  prostate 
cancer. 
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Berberine  inhibits  androgen  synthesis  by  interaction 
with  aldo-keto  reductase  1C3  in  22Rvl  prostate 
cancer  cells 


Yuantong  Tian1A%  Lijing  Zhao1*,  Ye  Wang3,  Haitao  Zhang4,  Duo  Xu1,  Xuejian  Zhao1,  Yi  Li1,  Jing  Li1 

Aldo-keto  reductase  family  1  member  C3  has  recently  been  regarded  as  a  potential  therapeutic  target  in  castrate-resistant  prostate 
cancer.  Herein,  we  investigated  whether  berberine  delayed  the  progression  of  castrate-resistant  prostate  cancer  by  reducing  androgen 
synthesis  through  the  inhibition  of  Aldo-keto  reductase  family  1  member  C3.  Cell  viability  and  cellular  testosterone  content  were 
measured  in  prostate  cancer  cells.  Aldo-keto  reductase  family  1  member  C3  mRNA  and  protein  level  were  detected  by  RT-PCR 
and  Western  bolt  analyses,  respectively.  Computer  analysis  with  AutoDock  Tools  explored  the  molecular  interaction  of  berberine 
with  Aldo-keto  reductase  family  1  member  C3.  We  found  that  berberine  inhibited  22Rvl  cells  proliferation  and  decreased  cellular 
testosterone  formation  in  a  dose-dependent  manner.  Berberine  inhibited  Aldo-keto  reductase  family  1  member  C3  enzyme  activity, 
rather  than  influenced  mRNA  and  protein  expressions.  Molecular  docking  study  demonstrated  that  berberine  could  enter  the  active 
center  of  Aldo-keto  reductase  family  1  member  C3  and  form  n-n  interaction  with  the  amino-acid  residue  Phe306  and  Phe311.  In 
conclusion,  the  structural  interaction  of  berberine  with  Aldo-keto  reductase  family  1  member  C3  is  attributed  to  the  suppression  of 
Aldo-keto  reductase  family  1  member  C3  enzyme  activity  and  the  inhibition  of  22Rvl  prostate  cancer  cell  growth  by  decreasing  the 
intracellular  androgen  synthesis.  Our  result  provides  the  experimental  basis  for  the  design,  research,  and  development  of  AKR1C3 
inhibitors  using  berberine  as  the  lead  compound. 
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INTRODUCTION 

Recently,  more  studies  have  focused  on  castration-resistant  prostate 
cancer  (CRPC)  because  of  high  mortality  rates.1,2  One  of  the 
pivotal  reasons  for  prostate  cancer  progression  to  CRPC  is  their 
acquired  ability  for  intratumoral  steroidogenesis  from  cholesterol 
or  adrenal  androgens.3  5  Abiraterone  acetate  was  designed  to  inhibit 
steroidogenesis  mediated  by  CYP17A1  (cytochrome  P450  17Al),akey 
enzyme  for  intratumoral  de  novo  steroid  synthesis  from  cholesterol 
and  production  of  progestins,  mineralocorticoids,  glucocorticoids, 
androgens,  and  estrogens  in  the  steroidogenic  pathway.6,7  Clinical  trials 
have  shown  that  chemotherapy  combined  with  abiraterone  acetate 
treatments  prolonged  survival  among  patients  with  metastatic  CRPC.8 
However,  CYP17A1  inhibitors  have  been  associated  with  adrenocortical 
suppression  and  have  led  to  an  adrenocortical  insufficiency  because  of 
the  upstream  blockage  of  steroidogenesis.9,10  Therefore,  more  effective 
prostate  cancer  therapy  that  avoids  this  adverse  effect  may  be  targeting 
downstream  of  the  de  novo  steroid  synthesis  from  cholesterol. 

Aldo-keto  Reductase  Family  1  Member  C3  (AKR1C3)  is  known 
to  be  a  type  5  17-hydroxysteroid  dehydrogenase  (17p-HSD5)  and  is 
involved  in  the  final  two  steps  of  steroid  synthesis  in  human  prostate 
cancer  cells,  which  possesses  reductase  activity  for  the  catalysis  of 


low  activity  hormone  precursors,  androstenedione  and  androsterone, 
to  highly  active  testosterone  (T)  and  dihydrotestosterone  (DHT),  as 
Figure  1  depicted.11  Other  works  have  also  shown  that  AKR1C3  is 
overexpressed  in  localized,  advanced  or  recurrent  prostate  cancers 
and  the  CRPC,12-14  and  the  expression  levels  of  AKR1C3  were  closely 
correlated  with  the  Gleason  grade  of  prostate  cancer  progression.15 
The  up-regulation  of  AKR1C3  was  likely  to  be  a  survival  adaptation 
to  the  T/DHT- deprived  environment.  Moreover,  in  vitro  studies 
have  shown  that  AKRlC3-overexpressed  LNCaP  prostate  cancer 
cells  (LNCaP- AKR1C3)  were  prone  to  generating  significantly  higher 
amounts  of  testosterone.16  Therefore,  AKR1C3  is  regarded  to  be  a 
vital  therapeutic  target  in  the  treatment  of  CRPC  through  suppressing 
intratumoral  production  of  androgen. 

In  recent  years,  researchers  have  focused  on  the  development 
of  AKR1C3  inhibitors.  A  series  of  chemical  compounds,  such 
as  medroxyprogesterone  acetate  (MPA),  steroidal  lactones, 
benzodiazepines,  jasmonates,  cinnamic  acids,  flavonoids, 
nonsteroidal  anti-inflammatory  drug  (NSAIDs),  and  EM  1404,  were 
investigated  for  their  efficacies  in  inhibiting  the  enzymatic  activity 
of  AKR1C3.17  However,  more  work  needs  to  be  done  for  these  drugs 
in  the  clinical  applications  of  CRPC.  Therefore,  the  purpose  of  our 
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study  is  to  find  out  AKR1C3  inhibitor  in  “old,”  nontoxic  drugs. 
Berberine  (2,3-methylenedioxy-9,10-dimenthoxyproto-berberine 
chloride;  BBR),  an  isoquinoline  alkaloid  (Figure  2),  was  screened 
from  a  traditional  Chinese  medicine  (TCM)  monomer  library  and  had 
been  used  as  an  anti- diarrheal  agent  for  hundreds  of  years  in  China; 
Recently,  it  has  been  demonstrated  possession  of  high  antitumor 
activities  against  prostate  cancer.18-20  Our  prior  study  found  that  BBR 
could  delay  the  latent  periods  to  the  progression  of  CRPC  in  castrated 
nu/nu  mice  bearing  a  subcutaneous  LNCaP  xenograft.19  However, 
the  blocking  mechanism  by  which  BBR  prevents  AKRlC3-mediated 
intratumoral  steroidogenesis  in  the  inhibition  of  the  development  of 
CRPC  has  yet  to  be  elucidated. 

Herein,  we  first  investigated  the  inhibitory  capacity  of  BBR  on  a 
human  recombinant  AKR1C3  enzyme  in  vitro  and  the  effect  of  BBR 
on  the  cell  proliferation.  In  addition,  we  studied  androgen  synthesis 
in  the  AKR1C3 -overexpressing  cell  line  22Rvl.  Finally,  we  used 
AutoDock  Tools  to  elucidate  the  molecular  interactions  between  BBR 
and  AKR1C3.  This  work  provides  new  insights  on  strategies  for  the 
prevention  and  treatment  of  CRPC. 

MATERIALS  AND  METHODS 

Materials 

Androstendione,  NADPH,  and  other  chemicals  were  obtained  from 
Sigma- Aldrich  (St.  Louis,  MO,  USA).  Recombinant  human  AKR1C3 
enzymes  were  obtained  from  (PROSPEC:  Cat#enz-406,  Ness-Ziona, 
Israel).  The  primary  anti-AKRlC3  (NP6.G6.A6,  mouse  monoclonal 
antibody,  1:150)  was  purchased  from  Abeam  Inc.,  (Cambridge, 
MA,  USA)  and  anti-(3-actin  (mouse  polyclonal  antibody,  1:1000) 
was  purchased  from  Santa  Cruz  Biotechnology,  Inc.,  (Dallas,  TX, 
USA).  The  secondary  antibody  was  HRP- conjugated  anti-mouse 
IgG  (1:10  000,  Gaithersburg,  MD,  USA).  Human  LNCaP,  PC3,  PC3M 
cells  and  22Rvl  were  obtained  from  the  American  Type  Culture 
Collection  (Manassas,  VA,  USA).  Tris-HCl  gel,  polyvinylidene 
difluoride  (PVDF)  membranes,  and  nonfat  dry  milk  were  purchased 
from  Bio-Rad  Laboratories,  Inc.,  CA,  USA. 

Methods 

Screening  for  AKR1 C3  expression  human  prostate  cancer  cell 

Cellular  proteins  were  prepared  from  LNCaP  cells,  PC3  cells,  PC3M 
cells  and  22Rvl  cells  in  a  modified  RIPA  buffer  (50  mmol  l"1  Tris-HCl, 
pH  7.4),  1%  NP-40,  0.25%  sodium  deoxycholate,  150  mmol  l"1  NaCl, 
1  mmol  l-1  EDTA  and  2  mmol  l"1  phenylmethylsulfonyl  fluoride).  Total 
soluble  proteins  (50  jig)  were  electrophoresed  on  a  12%  Tris-HCl  gel. 
Proteins  were  transferred  onto  PVDF  membranes.  The  membranes 
were  blocked  with  5%  nonfat  dry  milk  in  Tris-buffered  saline  containing 


Figure  1:  The  synthesis  of  T/DHT  under  AKR1C3  catalysis.  AKR1C3  catalyzes 
A4-adione  to  T  and  5a-dione  to  DHT.  SRD5A  catalyzes  A4-adione  to  5a-dione 
and  T  to  DHT.  Then,  T  and  DHT  promote  prostate  cancer  cell  growth  by 
activation  of  androgen  receptor  (AR). 


1%  Tween  20.  Antigens  were  detected  by  incubating  with  mouse 
anti-human  AKR1C3  mAh  (1:500)  or  anti-(3-actin  mAh  (1:5000)  at 
room  temperature  for  2  h  followed  by  incubation  with  HRP-conjugated 
anti-mouse  IgG  (1:10  000,  Gaithersburg,  MD,  USA)  secondary 
antibody  at  room  temperature  for  another  1  h.  Immunoreactive  protein 
was  then  detected  using  enhanced  chemiluminescence  reagent  (Pierce, 
Rockford,  IL,  USA)  according  to  the  manufacturers  protocol. 

Cell  proliferation  assay  by  MTT 

The  cells  were  maintained  in  RPMI  1640  medium  supplemented  with 
10%  FBS,  2  mmol  l"1  glutamine,  100  units  ml-1  penicillin,  and  100  pg  ml-1 
streptomycin  at  37°C  in  a  humidified  incubator  containing  5%  C02. 
MTT  assay  was  performed  in  96-well  plates  in  quintuple.  Cells  were 
seeded  at  a  density  of  1.5  x  104  cells/well  overnight,  and  the  medium 
was  changed  to  RPMI  1640  with  10%  charcoal-dextran  stripped 
serum  (CSS)  and  BBR  (12.5  pmol  l"1,  25  pmol  l"1  and  50  pmol  l"1) 
for  48  h  with  or  without  0.1  pmol  l-1  androstendione;  30  pmol  l-1 
indomethacin  was  used  as  positive  control.  Data  are  expressed  as  the 
means  ±  s.d.  of  at  least  three  independent  experiments. 

Determination  of  testosterone  formation 

22Rvl  cells  were  seeded  into  6-well  plates  in  duplicate  at  a  density  of 
2.5  x  105  cells/ well  overnight,  and  the  cells  were  divided  into  three 
groups,  including  the  negative  control  group  (solvent  only),  the 
BBR  group  (25  pmol  l"1)  and  the  INN  group  (30  pmol  l-1).  In  the 
cellular  testosterone  formation  experiment,  finasteride,  an  inhibitor 
of  5oc-reductase  (SRD5A1),  was  used  to  blocked  metabolism  of 
0.1  pmol  l-1  androstendione  to  5oc-andostane-3,17-dione  and  block 
T  to  the  formation  of  DHT.  Simply,  cells  were  treated  with  chemicals 
for  24  h,  and  then  androstendione  was  added  to  the  medium  with  a 
final  concentration  of  0.1  pmol  l"1  in  each  group.  Then,  the  medium 
of  the  culture  was  separated,  and  the  metabolism  of  androstendione 
was  analyzed  by  determining  the  concentration  of  testosterone  in 
the  medium  using  chemiluminescence.  Data  are  expressed  as  the 
means  ±  s.d.  of  at  least  three  independent  experiments. 

AKR1 C3  mRNA  expression  analysis  using  reverse  transcription 

PCR  (RT-PCR) 

22Rvl  cells  were  divided  into  solvent  control  (DMSO)  and  BBR 
(25  pmol  l-1).  Total  RNA  was  extracted  from  the  cells  using  the 
Trizol  reagent  (Invitrogen,  Grand  Island,  NY,  USA)  according  to 
the  manufacturers  instructions.  First- strand  cDNA  was  generated 


Figure  2:  Berberine  (BBR)  chemical  structure. 
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by  reverse  transcription  of  5  pg  RNA  samples  using  a  one-step 
gDNA  removal  and  cDNA  synthesis  supermix  (Transgene  biotech, 
Beijing,  China).  One-tenth  of  the  reverse-transcribed  RNA  was  used 
in  the  PCR  reaction.  Absolute  gene  transcription  was  normalized 
to  p-actin.  The  primer  sequences  were  as  follows:  (3-actin  sense: 
5’-dATCTGGCACCACACCTTCTACAATGAGCTGCG-3’  and 
antisense:  5’-dCGTCATACTCCTGCTTGCTGATCCACATCTGC-3’; 
AKR1C3  sense:  5’-dGTAAAGCTTTGGAGGTCAC-3’  and  antisense: 
5’-dCACCCATCGTTTGTCTCGT-3’.  The  PCR  products  were 
separated  using  electrophoresis  on  1%  agarose  gels  containing  ethidium 
bromide.  The  PCR  products  were  visualized  using  a  Tanon-1600 
figure  gel  image  processing  system  and  analyzed  with  a  GIS  ID  gel 
image  system  software  (Tanon,  Shanghai,  China).  For  Western  blot 
analysis,  cellular  proteins  were  prepared  and  performed  as  described 
in  Screening  for  AKR1C3  expression  human  prostate  cancer  cell  for 
22Rvl  cells. 

AKR1 C3  protein  expression  by  Western  blot  analysis 
22Rvl  cells  were  divided  into  solvent  control  (DMSO)  and  BBR  (25 
pmol  l'1).  The  protein  was  prepared  from  cells  treated  with  BBR  for 
48  h.  Protein  extraction,  quantification  and  Western  blot  steps  were 
conducted  the  same  as  the  screening  for  AKR1C3  expression  human 
prostate  cancer  cells. 

Enzyme  activity  assays 

Enzyme  activity  was  monitored  in  200  pi  volumes  containing 
6.25-100  pmol  L1  androstendione  in  4%  (v/v)  DMSO,  0.2  mmol  L1 
NADPH,  100  mmol  l1  potassium  phosphate  buffer  (pH  7.0)  and 
human  recombinant  AKR1C3  enzyme.  The  IC50  values  for  AKR1C3 
inhibitors  were  carried  out  in  a  range  of  eight  inhibitor  concentrations 
(0.39-50  pmol  l'1)  with  50  pmol  l'1  androstendione  in  the  same 
reaction  mixture  mentioned  above.  All  reactions  were  initiated  by  the 
addition  of  enzyme.  The  activities  of  the  enzymes  were  determined 
at  37°C  by  measuring  the  rate  of  change  in  NADPH  fluorescence  (at 
455  nm  with  an  excitation  wavelength  of  340  nm).  A  standard  curve 
was  constructed  by  monitoring  fluorescence  changes  with  incremental 
additions  of  NADPH.  Indomethacin  was  used  as  a  positive  control  in 
the  inhibition  studies. 

Molecular  modeling 

To  estimate  the  potential  interaction  and  the  conformation  of  the 
protein-ligand  complex,  inhibitors  were  docked  into  the  AKR1C3 
protein  using  the  AutoDock  4.2  program  based  on  Lamarkian  Genetic 
Algorithm  (Scripps  Research  Institute,  La  Jolla,  CA,  USA).  The  amino 
acid  sequence  of  AKR1C3  was  collected  from  the  UniProtKB  (P42330), 
in  which  323  amino  acid  residues  were  involved.  The  atomic 
coordinates  for  the  AKR1C3-NADP+-E1404  acid  complex  (PDB  code 
1ZQ5)  were  obtained  from  the  RCSB  Protein  Data  Bank.  The  3D 
structure  of  inhibitors  was  acquired  from  the  Internet  (http://zinc. 
docking.org/).  The  predicted  complexes  were  optimized  and  ranked 
according  to  the  empirical  scoring  function,  ScreenScore,  which 
estimated  the  binding  free  energy  of  the  ligand- receptor  complex. 
Each  docking  was  performed  twice,  and  each  operation  screened  250 
conformations  for  the  protein-ligand  complex  that  were  advantageous 
for  docking;  each  docking  had  500  preferred  conformations.  The  most 
stable  conformation  had  the  minimal  binding  energy  as  shown  by 
Discovery  Studio  (DS)  3.5  Visualizer  (Accelrys,  Inc). 

Statistical  analysis 

Statistical  evaluation  of  the  data  was  performed  using  independent 
Students  f-test  and  ANOVA  followed  by  Fisher  s  test.  A  P  value  <  0.05 


was  considered  statistically  significant.  IC50  was  calculated  by  probit 
analysis  using  SPSS  (SPSS  Inc.,  Chicago,  IL,  USA). 

RESULTS 

Characterization  of  AKR1C3  protein  expression  in  prostate  cancer 
cell  lines 

To  find  a  model  to  mimic  the  CRPC  state,  we  screened  for  a  prostate 
cancer  cell  line  with  high  AKR1C3  expression.  The  characterization 
of  AKR1C3  protein  expression  was  conducted  for  a  panel  of  prostate 
cancer  cell  lines,  including  LNCaP  cells,  PC3  cells,  PC3M  cells  and 
22Rvl  cells.  Western  blot  analyses  confirmed  that  the  expression  of 
AKR1C3  was  relatively  strong  in  PC3M  cells  and  22Rvl  cells  (Figure  3). 
Because  the  22Rvl  cell  line  was  derived  from  the  androgen-dependent 
22Rvl  cells  and  has  castration- resistant  prostate  cancer  characteristics, 
the  following  experiments  were  carried  out  with  22Rvl  cells. 

Cell  proliferation  assay  in  22Rvl  cells 

To  investigate  the  dose-effect  relationship  of  BBR  on  22Rvl  cell  growth, 
an  MTT  assay  was  carried  out  using  a  48  h  treatment  with  three 
concentrations  of  BBR  (12.5  pmol  L1, 25  pmol  L1  and  50  pmol  L1).  The 
results  showed  that  BBR  exhibited  a  dose-dependent  inhibition  on  the 
proliferation  of  22Rvl  cells  at  48  h.  When  0.1  pmol  L1  androstenedione 
was  added  to  the  culture  medium,  the  inhibitive  effect  of  BBR  on  cell 
proliferation  was  partially  counteracted,  indicating  that  the  additional 
androstenedione  increased  the  synthesis  of  androgen  and  indirectly 
reversed  the  BBR  effect  (Figure  4). 

BBR  on  testosterone  formation  in  22Rvl  cells 

To  explore  whether  BBR  influenced  androgen  synthesis,  cellular  T 
production  was  measured  after  the  treatment  with  25  jimol  L1  BBR  for 
48  h  in  22Rvl  cells.  As  shown  in  Figure  1,  T  and  DHT  are  the  primary 
androgen  species  stimulating  prostate  cell  growth,  which  are  converted 
from  A4-adione  and  5oc-dione  by  AKR1C3  catalysis,  respectively. 
Herein,  we  used  a  potent  5oc-reductase  inhibitor,  finasteride,  to  block 
conversion  of  A4-adione  to  5oc-dione  and  also  block  T  to  the  formation 
of  DHT,  respectively.  The  aim  is  to  confirm  the  efficacy  of  BBR  on  the 
inhibition  of  AKR1C3  activity.  The  results  showed  that  after  blockage 
of  5a-reductase,  finasteride  with  the  final  concentration  of  2  jimol  L1 
increased  T  production  approximately  2.19  folds  to  Control  group.  As 
shown  in  Figure  5,  BBR  and  INN  significantly  reduced  the  formation 
of  total  testosterone,  even  slightly  lower  to  the  finasteride  ( P  <  0.05). 

Effects  of  BBR  on  AKR1C3  gene  expression 

To  investigate  whether  BBR  influences  gene  expression,  RT-PCR  and 
Western  blot  analysis  were  carried  out.  The  results  showed  that  BBR 
did  not  change  the  mRNA  level  or  the  protein  level  after  the  treatment 
of  22Rvl  cells  with  25  pmol  1_1  BBR  for  48  h  (Figure  6).  This  indicates 
that  BBR  did  not  influence  the  transcription  or  expression  of  the 
AKR1C3  gene. 

In  vitro  inhibition  ofAKRl  C3  enzyme  activity 
The  aforementioned  results  demonstrated  that  AKR1C3  did  not  change 
the  mRNA  expression  or  the  protein  expression  after  a  48  h  treatment 
with  25  pmol  l1  BBR.  However,  along  with  cell  proliferation,  the 
intracellular  testosterone  production  significantly  reduced.  Therefore, 
we  inferred  that  the  inhibition  of  enzymatic  activity  by  AKR1C3  was 
the  main  reason  for  the  suppression  of  prostate  cancer  cell  growth. 
Regarding  the  AKR1C3- catalyzed  reduction  of  A4-adione  to  T,  we 
examined  the  inhibition  of  BBR  on  AKR1C3  reductive  enzyme  activity 
by  using  A4-adione  as  a  substrate  and  INN  as  a  positive  control.  It  is 
shown  that  both  BBR  and  INN  displayed  potent  inhibitory  effects 
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Figure  3:  Protein  expression  of  AKR1C3  in  human  prostate  cancer  cell  lines. 


Figure  5:  The  influence  of  berberine  on  the  formation  of  testosterone. 
*P  <  0.05,  compared  with  the  control  group.  #and  &P  <  0.05,  compared 
with  the  finasteride  group. 


on  the  activity  of  recombinant  human  AKR1C3  (Figure  7a  and  7b). 
The  IC50  values  for  BBR  was  4.08  jimol  l"1  with  a  95%  Confidence 
Intervals  of  3.47  jimol  l-1  to  4.69  jimol  l-1.  The  IC50  values  for  INN 
was  7.26  pmol  l"1  with  a  95%  Confidence  Intervals  of  6.82  pmol  1_1  to 
7.70  jimol  l-1.  The  IC50  value  for  BBR  was  much  lower  than  that  for 
INN  implicating  that  BBR  had  higher  efficacy  in  inhibiting  the  activity 
of  AKR1C3. 


I  I  Non-Androstenedione 


Figure  4:  Effect  of  berberine  (BBR)  on  22Rvl  cell  proliferation  by  MTT  assay 
in  conditions  with  or  without  androstenedione  (4-adione)  addition.  *and 
#P<  0.05,  compared  with  their  control  groups. 


Figure  6:  The  influence  of  BBR  on  AKR1C3  in  the  level  of  mRNA  and  protein, 
(a)  RT-PCR  for  AKR1C3  gene,  the  upper  panel  shows  the  mRNA  bands  for 
the  control  group  and  the  BBR  group,  and  the  lower  panel  shows  the  bars 
for  their  quantification,  (b)  Western  blot  for  AKR1C3  gene,  the  upper  panel 
shows  the  protein  bands  for  the  control  group  and  the  BBR  group,  and  the 
lower  panel  shows  bars  for  their  quantification. 


Molecular  docking  studies 

To  gain  insight  into  interactions  inside  the  enzyme  binding  sites  of 
BBR,  we  used  AutoDock  4.2  to  observe  the  optical  interactions  of  BBR 
(Figure  8  Ia-Ic)  with  the  cavity  center  of  AKR1C3.  Two  control  drugs 
were  involved  in  the  analysis,  INN  (Figure  8  Ila-IIc)  and  EM  1404 
(Figure  8  Illa-IIIc),  which  are  potent  AKR1C3  inhibitors.  Our  data 
showed  that  BBR  could  enter  the  steroid/inhibitor  binding  cavity  of 
AKR1C3  and  form  n-n  interactions  with  amino-acid  residues  Phe306 
and  Phe311  (Figure  8  Ic).  To  identify  the  binding  forces  contributing 
to  the  interaction  between  the  inhibitors  and  AKR1C3,  the  estimated 
free  energy  of  binding  (FEB),  which  predicts  the  Van  der  Waals  energy, 
electrostatic  energy,  hydrogen-bond  energy,  de  solv  energy,  final  total 
internal  energy,  torsional  free  energy,  and  unbound  system  energy,  were 
calculated.  As  estimated  by  Discovery  Studio  (DS)  3.5  Visualizer  software, 
the  most  stable  conformation  exhibited  the  lowest  FEB.  The  binding 
energies  of  BBR,  INN,  and  EM1404  were  -9.63,  -9.79,  and  -12.55  kcal 
mol-1,  respectively  (Table  1).  These  results  provided  theoretical  support 
for  and  explanation  of  the  effects  of  BBR  on  AKR1C3  activity. 

DISCUSSION 

Recently  researchers  demonstrated  that  prostate  cancer  cells  acquired 


ability  of  intratumoral  steroidogenesis  from  cholesterol  or  adrenal 
androgens  in  the  absence  of  blood  androgens,  which  made  prostate 
cancer  evolve  from  an  endocrine  disease  to  an  autocrine/paracrine 
one.3,5  AKR1C3  is  a  key  steroidogenic  enzyme  to  catalyze  the 
conversion  of  low  active  androstenedione  and  androsterone  hormone 
precursors  to  highly  active  testosterone  and  dihydrotestosterone  in 
steroid  synthesis  pathway.11  In  recent,  accumulating  amount  of  data 
reported  that  AKR1C3  is  associated  with  the  transformation  from 
hormone-dependent  prostate  cancer  to  CRPC.11,15  This  concept  has  led 
to  the  increasing  interest  in  the  development  of  AKR1C3  inhibitors. 
Until  now,  several  AKR1C3  inhibitors,  such  as  ASP9521and  SN33638, 
were  evaluated  in  multi-center  phase  I/II  study  in  patients  with 
metastatic  CRPC  or  in  high  AKR1C3- expressing  cell  lines.  The  results 
suggested  that  a  subpopulation  of  CRPC  patients  with  high  AKR1C3 
might  benefit  from  AKR1C3  inhibitor  therapy.21,22 

BBR,  as  an  isoquinoline  alkaloid,  has  high  capacity  and  spectrum 
for  various  tumors.  Recent  studies  have  found  that  BBR  displays 
potent  antitumor  activity  for  prostate  cancer  without  toxicity.19,23 
In  this  research,  BBR  exhibited  a  dose-dependent  inhibition  on  the 
proliferation  of  22Rvl  cells  at  48  h  without  influencing  the  mRNA  level 
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Figure  7:  The  enzyme  inhibition  curve  of  (a)  BBR  and  (b)  INN. 


Table  1:  The  binding  energy  of  BBR,  INN  and  EM1404  with  AKR1C3 


Zinc  number 

Compound 

Binding  energy  (kcal  moP1) 

Zinc_3779067 

BBR 

-9.63 

Not  acceptable 

EM  1404 

-12.55 

Zinc_27643987 

INN 

-9.79 

BBR:  berberine;  INN: 

indomethacin 

or  the  protein  level  of  AKR1C3,  but  significantly  reducing  the  formation 
of  total  testosterone.  In  enzyme  assays,  BBR  displayed  potent  inhibition 
on  the  activity  of  recombinant  human  AKR1C3  with  lower  IC50 
value  than  that  for  INN,  implicating  that  BBR  had  higher  efficacy  in 
inhibiting  the  activity  of  AKR1C3.  Some  studies  had  shown  that  CRPC 
cells  were  prone  to  generate  significantly  higher  amounts  of  T,  rather 
than  DHT  to  promote  prostate  cancer  growth.5’1124  Therefore,  AKR1C3 
is  regarded  as  a  vital  therapeutic  target  in  the  treatment  of  CRPC. 
In  cell  proliferation  assay,  BBR  exhibited  dose-dependent  growth 
inhibition  on  high  AKR1C3- expressing  22Rvl  cell,  but  INN  had  only  a 
limited  effect  on  the  cell  growth  mediated  by  A4-adione.  After  blocking 
AKR1C3,  prostate  cancer  cells  reverted  to  their  overall  androgen 
metabolic  profile  from  the  conversion  A4-adione  to  the  5oc-dione,  which 
bound  with  the  mutated  AR  to  stimulate  androgen  signaling  pathway.16 
Therefore,  the  desired  therapeutic  effect  of  AKR1C3  inhibitors  could  be 
weakening  in  this  circumstance.  In  our  previous  study,  we  confirmed 
the  BBR  also  induced  the  truncated  AR  splice  variants  degradation. 
Consequently,  BBR  could  block  cell  proliferation  either  by  intratumoral 
steroidogenesis  or  by  AR  antagonist.  That’s  why  the  more  potent  effect 
was  shown  in  BBR  than  that  of  INN. 

In  order  to  better  understanding  the  molecular  mechanism  of 
BBR  on  AKR1C3,  we  used  AutoDock  Tools  to  study  the  molecular 
interaction  between  BBR  and  AKR1C3.  According  to  the  X-ray 
crystal  structure,  AKR1C3  consists  of  323  amino  acids,  which  form 
a  ((3/a)  8-barrel  structure  with  a  large,  multi-cavity  active  site  that 
exhibits  flexibility  at  the  level  of  individual  side  chains  and  entire 
loop  regions  on  ligand  binding.25  AKR1C3  catalytic  sites  were  consist 
of  five  compartments,  an  oxyanion  site  (formed  by  Tyr55,  His  11 7, 
and  NADP+),  a  steroid  channel  (Trp227  and  Leu54),  and  three 
subpockets,  SP1  (Seri  18,  Asnl67,  Phe306,  Phe311,  and  Tyr319), 
SP2  (Trp86,  Leul22,  Serl29,  and  Phe311),  and  SP3  (Tyr24,  Glul92, 
Ser221,  and  Tyr305).17  The  difference  among  the  AKR1C  enzymes 
lies  in  the  three  subpockets.  The  SP1  pocket  is  expected  to  give  more 
potent  and  selective  AKR1C3  inhibitors.17,26  Structural  differences  at 
position  306  in  SP3  and  311  in  SP2  make  the  AKR1C3  differ  from 
the  other  enzymes.17  Our  data  show  that  BBR  could  enter  the  steroid/ 
inhibitor  binding  cavity  of  AKR1C3  and  formed  n-n  interaction  in  the 
amino-acid  residue  Phe306  and  Phe3 1 1 .  Although  further  study  should 
be  carried  out  to  certificate  this  interaction,  this  molecular  docking 
theoretically  gave  the  supports  and  explanation  on  the  effects  of  BBR 
on  AKR1C3  enzymatic  activity. 
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Figure  8:  The  interaction  of  BBR  (I),  INN  (II)  and  EM1404  (III)  with  AKR1C3. 
BBR  (yellow),  INN  (pink)  and  EM1404  (green),  (a)  The  optimize  graphic 
performance  of  ligands  with  AKR1C3.  (b)  The  created  surface  around  ligands 
in  the  active  center  of  AKR1C3.  (c)  Ligand  binding  site  atoms  of  AKR1C3. 
Hydrogen  bonds  and  n-n  interaction  formed  between  BBR  (I),  INN  (II)  and 
EM  1404  (III)  with  the  active  center  of  AKR1C3.  Hydrogen  bonds  are  shown 
by  green  dash  lines,  n-n  interactions  are  shown  by  yellow  solid  line. 


CONCLUSIONS 

The  present  findings  reveal  that  BBR  could  decrease  intracellular 
androgen  synthesis  due  to  the  suppression  of  AKR1C3  enzyme  activity. 
The  mechanisms  of  BBR  on  CRPC  provide  a  basis  on  the  design, 
research,  and  development  of  future  AKR1C3  inhibitors  using  BBR 
as  the  lead  compound. 
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